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Abstract
PeniciIlium rubrum Stoll, a toxigenic mould, was first implicated 
in a mycotoxicosis in 1956 when it was suspected to be one of the causal 
agents of swine poisoning. Since then a number of studies have been 
performed on the toxins elaborated by this organism and on the 
effects of the external environment on their synthesis.
The present study was performed using the CMI 112715 strain of 
this mould and several nutritional factors have been examined. A 
chemically defined medium has been developed during the course of this 
study which gave rise to toxin yields comparable with those of the 
enriched Raulin-Thom medium. Of special interest were the effects 
of carbon and nitrogen content of the medium on toxin synthesis and 
some interesting results have been obtained through the use of 
metabolic inhibitors such as malonate and ferrocyanide. The secondary 
metabolic nature of the toxins has been established and attempts have 
been made to establish the relative importance of the various primary 
metabolic pathways in generating the intermediates required in 
rubratoxin synthesis, by use of the above mentioned inhibitors.
This study confirmed the importance of the C/N ratio in secondary 
metabolic activity of fungi and in the case of rubratoxin synthesis 
indicated a possible indirect effect of absence of zinc on toxin 
synthesis. Effects of some other nutritional factors are discussed 
in connection with the biosynthesis of rubratoxins by this mould.
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1. INTRODUCTION
1. Introduction
This general introduction to fungal metabolism, including 
mycotoxins, is not intended to be an exhaustive review of the 
literature in this field but rather a guide to the background and 
motivation for the project undertaken here. It will, I hope, give 
a broad background and some idea of the complexity of the problems 
encountered in this field.
1.1. Mycotoxins
That certain products of microorganisms are responsible for 
various diseases in man and animals was only demonstrated towards the 
end of the last century. Knowledge of bacterial toxins has increased 
mostly since then, in contrast to knowledge of mould toxins and 
mould induced food poisoning. This may be largely due to a more 
subtle and different role played by fungi in the occurrence of natural 
diseases. Certain diseases in domestic animals have been attributed 
to the consumption of mouldy feed and a number of examples of 
poisoning in man, after eating moulded foods, have been established. 
During growth and sporulation moulds produce a variety of useful and. 
harmful substances. Fungi may be directly involved in the aetiology ' 
of disease, actively growing in the animal tissues; they may be 
•indirectly involved in allergic responses to macro-molecular 
constituents of fungal material such as spores; they may also be 
indirectly involved through the production of metabolites termed 
"mycotoxins" during growth on substrates that may be used as human 
or animal feed. The word "mycotoxin" is derived from Greek "mykes", 
meaning fungus, and Latin "toxicum", meaning poison (Hesseltine, 1969).
Thus mycotoxins represent a group of toxic fungal metabolites which 
may contaminate some foods and many cases of illness and death in 
farm animals and humans are believed to have been caused by these 
metabolites (Forgacs, 1964; Saito et al., 1971; Martin et al., 1971, 
Nelson et al., 1968; Kurota et al., 1971). The magnitude of the 
problem is by no means uniform in different parts of the world. It 
varies dramatically according to climate, feeding habits, and stage 
of economic development of the area in question. It is, however, 
more frequent that animals are exposed to mycotoxin poisoning due to 
their feeding habits and also to erroneous beliefs of many farmers 
that mouldy feeds, if not suitable for human consumption, may be fed 
with no harmful effects to animals.
1.1.1. Historic
Until the I960*s the field of mycotoxins and diseases caused by 
them, mycotoxicoses, was a neglected one. Gradually certain fungal 
species came to be implicated and were supposed to act through their 
production of toxic metabolites (Spensley & Townsend, 1965).
Ergotism is the oldest food-borne disease of mould origin 
recognised (van Rensburg & Altenkirk, 1974; Groger, 1972). Although 
the unequivocal proof of the existence of ergot only dates back some 
500 years, it is claimed that the ancient Chinese knew and used ergot 
some 5000 years ago and that the ancient Arabs knew of ergot at least 
1000 years ago. Two types of the disease were known even in the middle 
ages although the causative agent was not recognised. The two types of 
the disease, gangrenous and convulsive, have since been shown to involve 
toxic alkaloids produced by the fungus Claviceps purpurea. The earliest 
description of an epidemic which would have been caused by ergot 
occurred in the years 430 B0C0, and in the next 600 years a number of 
epidemics in Europe had been reported.
Large scale epidemics of the disease occurred mainly in Central 
Europe in areas where large quantities of rye were produced and . 
consumed. One form of the disease was commonly known as St. Anthony's 
Fire. The earlier epidemics cannot be identified with certainty since 
description of symptoms were rather vague. Great epidemics raged in 
France and Germany from 1770 to 1780 and the last major outbreak was 
recorded as recently as 1928 in Russia and England. Only in 1853 was 
the fungus Claviceps purpurea isolated and characterised. The active 
compound of ergot was isolated in 1906 and isolation of ergotamine, 
a drug used extensively in medicine, was achieved in 1918. It was 
recognised quite early on, in 1597, that malnutrition increased the 
susceptibility of persons to the disease and most big epidemics of 
middle ages were precipitated by severe famine.
Another important mycotoxicosis was first reported in 1931 as 
a fatal disease of unknown origin affecting Ukrainian horse population 
(Forgacs, 1972; Rodricks & Eppley, 1974). Seven years later the 
disease was found to be associated with fungus contaminated feed and 
was classified as a mycotoxicosis. The organism considered to be 
responsible is Sta chybotrys aIternans and the toxicosis was named 
stachybotryctoxicosis. However, this mycotoxicosis was found to affect 
not only horses but also other animals under laboratory-conditions and 
cattle in the field (Forgacs et al., 1958a) It is thought that the 
disease can affect man via inhalation of aerosols generated during 
handling of infected hay or when infected straw is used for bedding. 
The disease can take up two forms in horses, depending on the amount 
of infected food consumed, the typical and the atypical forms.
Although the first outbreaks were reported in the Ukraine, 
a disease with similar characteristics was observed earlier in 
Hungary but the aetiological agent was not established.
A further important mycotoxicosis, which affected mostly the 
human population, is alimentary toxic aleukia (A.T.A.) and has been 
recorded in Russia since the 19th century (Joffe, 1971 & 1974). 
Alternative names used to describe the disease were: septic angina, 
alimentary mycotoxicosis, alimentary haemorrhogic aleukia, aplastic 
anaemia, haemorrhagic aleukia and agranulocytosis.
In 1932 AoT.Ao appeared in endemic form in Siberia. The mortality 
rate was very high and the disease occurred mostly in agricultural 
areas as a result of consumption of overwintered grain infected by 
toxic fungi. Research was at first hindered by the fact that the 
typical clinical symptoms of the disease could not be reproduced in 
laboratory animals. A.T.A. was originally thought of as an infectious 
disease due to large outbreaks and high mortality but epidemiological 
and bacteriological studies did not substantiate this.
A number of fungi may be isolated from samples of overwintered 
grain and amongst them there are several highly toxic species of 
Fusarium (Joffe, 1965). The two isolates, Fusarium poae and 
Fusarium sporotrichoides achieved notoriety in specially severe 
outbreaks of the disease in years 1942 to 1947. More than 107o of 
population, especially in the Orenburg district, were affected. The 
fungi responsible for the disease have been studied in some detail 
in recent years (Joffe, 1965, 1971 & 1974).
Amongst the more recently diagnosed mycotoxicoses, mainly 
involving farm animals, and which are responsible for intensifying 
research in this field is the facial eczema . of sheep which was 
known in New Zealand for a long time and only characterised as a 
mycotoxicosis in 1958 (Thornton & Percival, 1959; Atherton et al.,
1974). -The disease is due to ingestion of toxins of Pithornyces 
chartQrurn..
In Japan, a number of toxigenic fungi have been isolated- 
from "yellowed rice" and work in that country has been mainly centred 
around this problem (Miyaki, 1968). The event that precipitated 
intensive research in this field was the one involving "yellowed 
rice" in 1953. However, the assumption that the human disease, 
beriberi, was caused by mouldy rice was made as early as 1891 and 
work on moulds contaminating rice started in 1910.
It was not until the discovery of aflatoxin in 1961 (Sargent 
et al., 1961), following an outbreak of a disease among turkey poults, 
that mycotoxins were studied more intensively on a world-wide basis.
The poisoning was traced to mouldy groundnut feed infected with 
Aspergillus flavus (Butler, 1974)-.
These discoveries have sparked world-wide concern and research 
on several other mycotoxins as well as aflatoxin.
1.1.2. Occurrence and Control
The aflatoxin problem was associated with an oilseed, the 
groundnut, from South America, when it first came to public attention. 
Potential of oilseed crops, such as groundnut, cottonseed and soy beans,
for meeting food needs of the world, coupled with the fact that 
aflatoxin is a potent carcinogen, has inevitably induced more 
research into aflatoxin than any other mycotoxin (Howell, 1968).
Indeed, aflatoxin has served a useful purpose in underlining the 
potential dangers from mycotoxin infected foods. This problem is 
not unique to oilseeds or to one particular region of the world.
In the United States outbreaks of diseases in animals which in 
retrospect may have been mycotoxicoses, have been mentioned in 
reports dating back to the last century (Kinsbury, 1964; Wilson, 1968).
Besides oilseeds, cereal grains are the most important feed 
and food source that is frequently contaminated with toxigenic fungi 
(Christensen, 1957; Hesseltine, 1974). (see Table 1). As in oilseeds, 
mycotoxin problem in cereals is not restricted to any geographic or 
climatic region.
A large number of fungi will inhabit stored grains and other 
dry products and these are called storage fungi. Although their 
number is quite large the majority belong to mould genera Aspergillus 
and Penicillium (Hesseltine, 1969). In recent years there havebeen a 
number of surveys done on foodstuffs intended for animal and human 
consumption (Gilman, 1971; Jarvis, 1974). One of the factors which 
gave rise to an increase in the extent of survey work on food borne 
fungi was the observation that mycotoxins, other than aflatoxin, have 
been shown to be carcinogenic in experimental animals (Hesseltine, 1974) 
(see Table 2).
Carcinogenicity of aflatoxin was first demonstrated in 1961 
(Lancaster et al., 1961) and most carcinogenic compounds of mould 
origin, if not all, are produced by species of either Penicillium or
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Aspergillus, excepting sterigmatocystin, which is produced by
*
Bipolaris sp. as well as Aspergillus
The range of foods found to be contaminated by mycotoxins 
is quite large and is still increasing (van Walbeek et__al., 1968).
Many of the various species characteristic of foodstuffs have
sharp preferences in their choice of substrate. (Martin et al., 1971).
Even though all these fungi may eventually be shown to produce 
toxic compounds in pure culture, it still remains necessary to show 
that they are actually present in foods and feeds in sufficient 
concentrations to cause disease (Smalley et al., 1968). It is 
especially interesting that many mycotoxins show target effects on 
rapidly dividing cells, which might reflect the carcinogenic, 
teratogenic or mutagenic properties of these compounds (Saito et al.,
A
1971). Many fungi can grow on a wide range of organic substrates and 
are quite hardy but it has been shown that toxin production depends on 
a variety of factors such as temperature, moisture, type of substrate 
and genetic make up of the organism. The quantity and nature of 
metabolites may vary considerably from strain to strain (Spensley & 
Townsend, 1965; Hesseltine, 1969). • This has, of course, inevitably 
complicated the study of mycotoxins. However, it is not only the 
fungi producing mycotoxins that are the variable component in this 
problem but also mycotoxins themselves have a habit of behaving in a 
rather unsuspected way (Saito et al., 1971). In cases where target 
effects of mycotoxins are localised one may easily classify them by 
the target organ they affect (Austwick, 1975). The large number of 
mould metabolites now known has given rise to several encyclopaedic 
works on them (Miller, 1961; Turner, 196%).
Due to the increasing centralisation of food production, 
storage and processing the health of many consumers is dependent 
upon the precautions and care of relatively.few people responsible 
for providing nations food supply. It was not recognised until 
recent years that certain common species of fungi may produce toxic 
metabolites besides those rendering the food organoleptically 
unacceptable (Wilson, 1968). Good husbandry for the cultivation 
and conservation of food has evolved over many centuries to prevent 
microbial deterioration and it is only the failure to carry out these 
procedures that allows growth of fungi.
Various methods for removal of mycotoxins from foods have 
been developed, however, the main answer to the whole problem must 
lie in the prevention of the toxin ever arising. Here the responsibility 
falls on food handlers. The suitable relative humidity for growth of 
most fungi is 70 to 907«, and temperature range of 0 to 60°C, with 
optimum around 20°C. Obviously the principle means of protecting 
foods from fungal contamination is to maintain as low a level of 
moisture as possible and practical (Wilson, 1968). Some aspergilli 
are known to grow at relative humidities of 657o (Christensen et al., 
1959), so it would obviously be advisable if grain, for example, could 
be dried to this level immediately after harvesting. However, the 
optimum conditions for growth of fungi may not be the optimum condition 
for toxin production.
Once a food is suspected of being contaminated with mycotoxins, 
indicating that preventive measures have failed, then one must resort 
to curing the problem. One way of reducing the hazard to a minimum 
is by hand selection or automatic sorting (Jarvis, 1974), especially 
for groundnuts and larger grain. Methods for destroying mycotoxins,
especially aflatoxin, in commodities have been devised. Depending 
on the stability of the mycotoxins involved, it may be necessary 
to use dramatic measures such as high temperature treatment, strong 
chemical washes or a combination of both (Campbell, 1972; Reiss,
1976). Chemical treatment of commodities may be a satisfactory 
answer to this problem but at the same time other problems may 
arise: the possibility of toxic effects due to chemical residues or 
of breakdown products of mycotoxins present cannot be ruled out.
Whatever measures for curing the problem may be developed 
it should be accepted that prevention is the ultimate answer and 
the onus on control measures must lie with improved methods for 
harvest and post-harvest storage of food commodities. Damage caused 
by harvesting is a factor in fungal invasion and various crops show 
differences in their susceptibility to fungal infection due to 
different harvesting, storage procedures, specificity and moisture 
content before and after harvesting (Howell, 1968). Surveys in 
Eastern Transvaal and Swaziland (Gilman, 1971) have shown that 
invasion of foodstuffs by fungi occurs both, during the harvesting 
period and later in storage and have also shown that maize is 
especially prone to damage during the intitial drying period. In 
Japan it was noted that mycotoxin-producing fungi may appear as 
dominant species in food samples in areas studied (Kurota et al., 1971)
1.1.3* Epidemiology
Many attempts have been made to study the epidemiology of 
mycotoxicoses but problems encountered are numerous. The diagnosis 
of a mycotoxicosis in animals is extremely difficult and in man it 
has been achieved only on a few occasions (Austwick, 1975).
The criteria on which diagnosis are usually based on are the 
elimination of other agents of disease and the demonstration 
of the presence of an effective level of the mycotoxin in the 
food consumed. The cases where potential human mycotoxicoses 
are concerned, the long latent period between ingestion of mouldy 
food and occurrence of symptoms, especially in cases of various 
types of cancer, has led to the use of circumstantial evidence 
(Purchase, 1971). Epidemiologists in this field have been mainly 
concerned with the study of aetiology of cancer in various parts 
of the world with emphasis on Africa and Asia. Evidence 
accumulated in surveys, especially in tropical countries, demon­
strated the high incidence of liver, stomach and oesophagus cancer 
associated with starch food, grain especially, contaminated by 
potentially toxigenic moulds. Workers in this field are of the 
opinion that the high incidence of liver cancer in tropical 
countries is not incidental and suggest that as long as some starch 
foods are the staple food in a particular region, the possibility of 
mycotoxin poisoning in humans cannot be ruled out (Tsunoda, 1968).
It was also realised that mycotoxins may not only play a role in 
chronic disease but also in acute disease and this helped intensify 
further investigations into the distribution of toxigenic fungi in 
foodstuffs and climatic relationships (Crawford, 1971; van Walbeek, 
et al., 1968).
It is considered probable in Japan (Tsunoda, 1968), where rice 
is a staple food, that every member of the population consumes some 
contaminated rice. This had sparked off intensive research in Japan 
on fungi infecting stored cereals and grains and also epidemiological 
studies on the population consuming it. Some of the more important 
toxins found affecting man are listed in Table 3.
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Apart from human problems encountered with mouldy food and 
mycotoxins (Jarvis, 1974; Moss, 1975), a variety of animal problems 
with a multitude of symptoms have been observed especially in 
association with the ingestion of mould corn (Forgacs, 1965;
Smally, et al., 1968). Several mycotoxins exhibit multiple effects 
which can be summarised as combination of two or more toxic patterns 
(Saito, et al., 1971), and many outbreaks of mycotoxicosis exhibit 
more than one type of .disease syndrome (Spensley & Townsend, 1965). 
However, very often consumption of a single mycotoxin will lead to 
a characteristic set of symptoms (Hesseltine, 1974).
The difficulties in obtaining statistical data on human 
mycotoxicosis is mainly due to the diversity of human behaviour, 
that seldom is only one factor different, but also to this long latent 
period between ingestion of suspect food and the appearance of disease 
symptoms. In addition to the difficulties of obtaining accurate 
statistics of cause of death in the selected area, lack of quantitative 
data on distribution and concentration of the mycotoxins in the 
foodstuffs has made it difficult to evaluate the relationship between 
mycotoxin contamination and human disease.
From all this it is rather clear that toxin production by moulds 
in field situations is a highly variable property governed by a 
number of external as well as internal factors and also that disease 
caused by these metabolites in humans as well as animals are of a 
complex nature; diagnosis of such diseases is made more difficult by 
the fact that two or more toxins may be involved.
1.1.4. Detection and Assay
The direct method of estimating how widespread is the natural 
occurrence of mycotoxins in foods and feeds is to examine and screen 
suspect foods and feeds by chemical or biological means and 
ascertain the presence of mycotoxins. The chemical assay for 
mycotoxins depends on extraction, chromatographic separation and 
identification of the substance (Brown, et al., 1968) and finally, 
confirmation by either preparation of derivatives, thin-layer 
chromatography against pure standards (Clements, 1968), or specific 
colour reaction.
Bioassay is defined as a determination of the potency of 
physical, chemical or biological agent by means of a biological 
indicator. The indicatorsof biological activity are the measurable 
responses produced by these agents in a surviving organism or tissue. 
Bioassay for mycotoxins has been utilized primarily to provide an 
additional confirmation of their presence previously indicated by 
chemical means but the object of a bioassay is to establish a 
relative potency of a compound and supply an estimate of the 
variation in potency (Brown, et al., 1968).
One of the problems in the bioassay for a specified mycotoxin 
is the probability of interference by other constituents in the 
sample which may have biological activity. For screening foods and 
feeds for animal and human consumption both, physico-chemical .
1 :--v and biological test methods have been developed.
Bioassay systems may be divided conveniently into two distinct 
categories: whole animal systems and laboratory bioassay systems 
(Jarvis & Moss, 1973). One must remember, though, that mycotoxins
show a wide range of acute and chronic manifestations and there is 
a considerable variation in response to individual toxins by 
difference species of animal. The choice of animal for a screening 
programme will inevitably be a compromise. Whichever assay systemic 
chosen, the assay procedure must be extremely sensitive since 
mycotoxins are often present in very low levels following natural 
contamination of foodstuffs (Hesseltine, 1974).
Bioassay methods are used for three purposes:
a) To screen fungal cultures for their ability to produce 
mycotoxins and examination of foods for presence of potentially 
toxic materials.
b) To follow bioproduction and isolation of new mycotoxins, 
and the assessment of fungal extracts.
c) To confirm results obtained in physio-chemical analysis 
of toxins.
In whole animal bioassay systems various routes of administration 
have been studied and the most useful methods for confirmation of 
disease syndromes occurring in the field were feeding trials and oral 
intubation (Tsunoda, 1968; Wilson, 1971). Other methods involve 
intraperitoneal injection, subcutaneous injection and dermal toxicity 
tests (Smalley et al., 1968).
In the latter case caution must be exercised in interpretation 
of results since not all mycotoxins produce dermal reactions 
(Jarvis & Moss, 197.3).
Each method of administration has its advantages and dis­
advantages depending on the purpose for which it is used.
Adopting alternative bioassay systems, or laboratory bioassay 
systems, increases the throughput of samples and reduces 
quantity of material required for the test. The test itself 
should be simple and as rapid as practicable. The methods most 
commonly used due to their simplicity, reliability and ease of 
reproduction are the following:
1) Bacterial inhibition: a relatively nonspecific method 
and unsuitable for preliminary studies on mycotoxins but the 
response is rapid, requiring some 15 hours. Organisms used are 
mainly species of Bacillus (Burmeister & Hesseltine, 1966; Reiss, 1975). 
The method utilises the standard antibiotic zone inhibition technique.
2) Brine shrimp: a simple and rapid method but sensitive to 
extraneous solvent (Jarvis & Moss, 1973). The test uses Artemia 
salina and can be conducted in 24 hours. The per cent, inactive 
shrimp are calculated after this period (Brown, et al, 1968) .
3) Chick embryo: a most satisfactory method for confirming 
identification of aflatoxin and next to duckling test is the most 
used bioassay procedure. It is also suggested that this is the 
most generally useful screening technique for mycotoxin production 
by organisms isolated from foods. The evaluation of the test is 
based on mortality of embryos at 21 days (Archer, 1975; Verrett et al.t 
1964).
4) Duckling test: the most widely used test for confirmation 
of aflatoxin identification. The test uses day-old ducklings.
They are extremely sensitive to aflatoxin and the lethal effects of 
aflatoxin are usually seen within 72 hours. Assessment of the test
involves determining the acute LD50 and examination for bile duct 
proliferation. Due to the specificity of response this method has 
become the assay of choice in many laboratories.
5) Marine borer : a method developed for assay of aflatoxin.
It involves the response of eggs of Bankia setaceae to aflatoxin
and these responses are quite dramatic (Townsley & Lee, 1967). Cell 
cleavage is inhibited without prevention of nuclear division in 
fertilized eggs giving rise to polynucleate cells. In the final 
stages the toxicity is indicated by absence of surviving larvae.
6) Zebra fish: has been proposed as a test method (Abedi & 
McKinley, 1968). The larvae of Brachydanio rexio are utilized 
giving a response in some 24 to 36 hours.
The development of these bioassay procedures has been largely 
devoted to aflatoxin but recent discoveries of other potent myco­
toxins has made it necessary to consider applying these methods to 
other mycotoxins. Their usefulness is in that they can be used 
on crude extracts or compounds of.unknown chemical composition,
(Brown et al., 1968).
One of the most sensitive procedures for bioassay of mycotoxins 
is probably human or animal tissue culture but the expertise and 
facilities required make this method unacceptable as a routine 
procedure.
Table 4 shows details of some bioassay methods used.
An ideal screening procedure for mycotoxins in foodstuffs should 
encompass biological and physico-chemical procedures and manipulations 
and an ideal protocol for mycotoxin screening may be as shown in Fig. [
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Fig. 1 . Screening procedure for mycotoxins in foodstuffs
SAMPLE
Chemical Analysis Bioassay
Feeding Trials
Bioassay (2 species + embryo test)
Isolation of organism
Cultivation Bioassay and 
Chemical Analysis
* Taken from Jarvis and Moss, 1973.
1.2 Fungal Secondary Metabolism
It would be safe to say that all mycotoxins are fungal 
secondary metabolites and, therefore, a brief account of 
secondary metabolism will be given here.
Secondary metabolism may be described as a sum of pathways 
for removal of intermediates which would otherwise accumulate . 
and thus enables the primary processes leading to these intermediates 
to remain operational during times of stress. (Bulock, 1961). 
Furthermore, it is suggested that it is not secondary metabolites 
which are important to the organism but the process of secondary 
metabolism. It is postulated that sudden accumulation of some 
primary intermediates, normally present at low levels, leads to the 
induced formation of enzymes for secondary biosynthesis 
(Bulock & Powell, 1965; Bulock et al.» 1965a),
The way in which secondary metabolism fits into the overall 
metabolism of the cell would be easier to grasp if one looks at the 
growth pattern of a typical fungal culture (Fig. 2).
As can be seen from the diagram, primary and secondary metabolism, 
comprising the overall metabolism of the organism, have distinct 
phases although these may not be so sharply defined (Turner, 1968; 
Bentley , & Campbell, 1968). However, the two phases of importance, where 
primary v.s,. secondary metabolism is concerned, are the "trophophase" 
and "idiophase" (Bulock, 1965 b.l. In most cases secondary metabolism 
is characteristic of the idiophase while primary metabolism is 
predominant in the trophophase. The termination of trophophase 
may occur simply by exhaustion of a nutrient from the medium or by a
Fig. 2 Some growth parameters of a fungal culture *
BALANCED STORAGE MAINTENANCE
PHASE PHASE PHASE
DRY WEIGHT
PRODUCT
CELLSNITROGEN
TROPHOPHASE IDIOPHASE
* reproduced from Turner (1968)
more complex interplay of several factors. (Bentley and Campbell,
1968; Gatenbeck & Sjoland, 1964).
The main events may be summarised as follows (Bulock &
Powell, 1965): a) Termination of balanced growth,
b) Sudden accumulation of primary metabolic
intermediates,
c) Induced synthesis of secondary metabolites,
d) Further induced metabolism diversifying the 
secondary metabolites.
Secondary metabolites are chemically very diverse substances which 
are formed by a great variety of pathways and are frequently species 
characteristic (Bentley and Campbell, 1968)
The carbohydrate in .the medium is used both as a source of 
energy and a supply of carbon for synthesis of all cellular components, 
primary and secondary alike. In many cases, formation of secondary 
metabolites is associated with the availability of a high level of 
carbohydrate in the culture medium.
Although the number of mould metabolites is vast (Turner, 1968), 
the great; majority of them are formed by pathways which branch off 
from primary metabolism at a relatively small number of points.
Many precursors for these secondary pathways are also key inter­
mediates in the primary processes. (Fig. 3).
There are four key substances in secondary metabolic pathways 
which are of no less importance in primary metabolism: acetate, 
malonate, shikimate and mevalonate. Secondary metabolism involves 
mainly synthetic processes the end product of which, the secondary
Fig. 3. The formation of secondary metabolites from the 
intermediates of primary metabolism*
SECONDARY SECONDARYCARBOHYDRATESMETABOLITES METABOLITES
(e.g. KOJIC ACID) (AROMATIC)
SHIKIMATE
AROMATIC 
AMINO ACIDS
PYRUVATE
ACETATE
SECONDARY
MEVALONATE MALONATE METABOLITES
(POLYKETIDES)
OXALOACETATE CITRATE FATTY ACIDS
SECONDARY
METABOLITES OXOGLUTARATE
(TERPENES, STEROIDS) SECONDARY
METABOLITES
* adapted from Turner (1968) and from Bentley and Campbell (1968)
metabolites, play no obvious role in the economy of the organism. 
However, further suggestions for the role of these metabolites in 
the organisms life cycle and survival have been made. (Turner, 1968;
Bentley and Campbell,1968).
Secondary metabolites are commonly found in Ascomycetes, 
Basidiomycetes and Fungi. Imperfecti, but, as in the case of 
mycotoxins, the genera Penicillium and Aspergillus are particularly 
prolific in this respect.
Because secondary metabolites are derived from the intermediated 
of primary metabolism, often by processes related to those leading 
to primary metabolites, the control and regulation of secondary 
metabolism is frequently at points Similar to those of primary 
metabolism. However, influence of external environment upon 
secondary metabolism is far greater than on the primary. (Bulock, 
1965a,1967, 1975). Whereas in many processes of primary metabolism 
the overal kinetics are governed by substrate levels, enzymes being 
normally present in excess, it is more common to find that secondary 
metabolism is largley enzyme limited. (Bulock, 1975).
Fungal metabolites of special interest here are the ones 
involving acetate and malonate (Gatenbeck, 1965; Tanenbaum, 1965)
“in pathways leading to polyketide synthesis, a pathway 
closely resembling the one of primary metabolism leading to fatty 
acid synthesis. (Lynen, 1961; Wakil, 1961). This pathway leads 
almost exclusively to secondary metabolites and is characteristic of 
Fungi Imperfecti and Ascomycetes.
Another pathway of interest would be the one linking the 
route of polyketide synthesis and some intermediates of the
tricarboxylic acid cycle. Further classification of fungal metabolites 
and a comprehensive list of known metabolites was compiled by Turner 
(1968). An exhaustive review of fungal metabolism is given by Ainsworth 
and Sussmann (1965) j , and more recently by Smith and Berry (1976).
1.3 Nonadrides
A group of fungal metabolites of unusual chemical structure 
derived by, evidently, a common pathway involving an acyl chain 
and an intermediate of tricarboxylic acid cycle are the nonadrides. 
(Baldwin, et al., 1962). They have in common a nine membered ring 
and two maleic anhydride units attached to it (Barton & Sutherland, 
1965; Barton et al., 1965a and 1965b; Baldwin et al., 1965).
Presently there are seven of these metabolites known and they are 
listed in Table 5.
It was shown, at least in cases of glauconic, glaucanic and 
byssochlamic acids, how these compounds could be derived by coupling 
of two units of the following structure (Moppett & Sutherland, 1966
Baldwin et al., 1962).
CH
The first two acids could be derived by a head to head coupling 
of these units and the third by a head to tail coupling of the same. 
The existence of such structures as the unit proposed amongst the 
natural mould metabolites has certainly been recorded. (Nakajima 
et al., 1964).
There is also strong evidence that the CQ unit can be derived
y
by a reaction analogous to the citric acid synthetase reaction, a 
citric acid analogue being the intermediate (Bloomer et al., 1965; 
Bloomer et al., 1968).
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Again, such substituted citric acids are not unknown 
(Clutterbuck et al., 1931; Oxford & Raistrick, 1934). This also 
applies to coupling reactions between fatty acyl residues and 
intermediates of the tricarboxylic acid cycle of the type shown 
above (Gatenbeck & Mahlen, 1966; Mahlen & Gatenbeck, 1968)
By analogy to these pathways it is not unreasonable to 
postulate that other monadrides are derived by a similar route 
involving higher analogues of the substituted citric acid.
(Moss, 1971; Strunz et al., 1972; Crane et al., 1972). Fig. 4 
shows the structures of nonadrides identified and characterised 
up to date.
Table 5. The nonadrides
Nonadride Organism Molecular
Formula
Melting 
Point ( C)
■ First 
Isolated
Scytalidin Scytalidium sp. C22H28°7
142-146 1972
Heveadride Helminthosporium
heveae
C18H20°6 161-162
1973
Byssochlamic
acid
Byssochlamys fulva C18H20°6
1933
Glauconic
acid
Penicillium
purpurogenum C18H20°7
202-203 1931
Glaucanic
acid
ii C18H20°6 186
ii
Rubratoxin A Penicillium rubrum
C26H32°11 210-214
1966
Rubratoxin B ii
C26H30°11 168-170
it
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Fig. 4. Structure of the Nonadrides
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1.4 Penicillium rubrum and the rubratoxins
Penicillium rubrum (Stoll), the organism used in this study 
belongs to the Penicillium purpurogenum series of the Biverticillata 
Symmetrica group. (Raper & Thom, 1949). This series includes 
some of the most colourful members of genus Penicillium. With 
the exception of Penicillium variable (Sopp), all the members of 
the series are characterised by the production of intense red 
pigment on Czapek-Dox agar medium. The pigment may diffuse through­
out the substratum. Members of this series represent normal 
constituents of the mycoflora of soils examined and may be found on 
a variety of decomposing substrates. Penicillium rubrum is closely 
related to Penicillium purpurogenum and only varies from it in that 
it produces more restricted colonies on most substrates and possibly 
also in the colouration of its conidial areas. Microscopically the 
differences between the two lay in the texture of the spore surface. 
Morphological characteristics, however, should be interpreted with 
care since the variation in pigmentation texture and si ze of colony is 
strongly influenced by the substrate upon which the organism is 
grown, the age of inoculum, temperature of incubation and genetic 
make up of the strain under examination (Moss & Hill, 1970). The 
effects of medium composition on the pigmentation and gross morphological 
appearance of several strains of this mould are shown in Fig. 5.
The strains were grown on two different media to show how these affect 
the morphology of the colonies.
The red pigments produced by Penicillium rubrum (Stoll) have
m C'
been identified and characterized by Buchi et al., (1965) and were 
shown to be quite distinct from the toxic metabolites elaborated by
Fig.5 Nine day old cultures of some strains of Penicillium rubrum
Penicillium rubrum CMI 40032 (162B) on malt extract agar
Penicillium rubrum CMI 40032 (162B) on Czapek-Dox agar.
Fig. 5 (cont'd.)
Penicillium rubrum CMI 129716 on malt extract agar
Penicillium rubrum CMI 129716 on Czapek-Dox agar.
Fig. 5 (cont'd.)
Penicillium rubrum CMI 112715* on malt extract agar
Penicillium rubrum CMI 112715* on Czapek-Dox agar.
This strain of Penicillium rubrum was used throughout this study.
this mould. The three pigments isolated are PHOENICIN (Curtin et al., 
1940), MITORUBRIN and MITRORUBRINOL the structures of which are 
shown in Fig. 6.
Sen (1965) mentions the importance of the pigments as one of 
the characteristics of Penicillium rubrum. He performed a study into 
substrates which induce pigment formation and found that not all sugars 
used as carbon source will give good pigment synthesis. The nitrogen 
source, apparently, had no effect. Configuration of saccharides used 
in the tests had quite a marked effect and only hexoses and pentoses 
having a core of HCOH at 4 and 2 carbon atoms, respectively, are able 
to induce pigment formation. Glucose was used as a standard and only 
D-fructose gave a higher pigment concentration than glucose. Through 
experiments designed to establish the possible pathway of production 
of the pigment it was found that quinic acid was one of the inter­
mediates in the pathway of synthesis of the pigment and can replace 
glucose in the medium for this purpose.
The chemical composition of the hyphal wall of this mould has 
also received some attention (Unger & Hayes, 1975) and the results 
have shown that the composition of the cell wall of Penicillium rubrum 
did not deviate significantly quantitatively or qualitatively, from 
other penicillin studied, with the exception of the high lipid content 
(Table 6).
Krstic (1967) reported the fungistatic and fungicidal property 
of extracts from a Penicillium rubrum strain isolated from a tree 
stump. The substance responsible for this property of the mould was 
not characterized. Apart from the toxic substances reported to be 
produced by certain strains of Penicillium rubrum, it was also 
reported to produce steroids (White et al., 1973).
6. Structures of pigments produced by Penicillium rubrum (Stoll)
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The involvement of PeniciIlium rubrum in mycotoxicoses was 
first recorded in an outbreak of mouldy corn toxicosis of swine 
in 1952 (Sippel et al., 1953), where about 1000 swine were involved. 
More detailed studies by Burnside et al., (1957) on suspect feed 
revealed 13 cultures of fungi. The feed examined was corn, not 
unlike the material suspected of causing the toxicoses in swine.
Out of these 13 cultures only two were found to be toxic to swine 
under experimental conditions, a toxic strain of Aspergillus flavus 
(Link) and a culture of PeniciIlium rubrum (Stoll). Lesions in 
pigs after administration of pure culture grown on a corn substrate 
were observed mainly in the liver and kidney regions and were similar 
to those observed in field cases. Haemorrhage in the intestinal tract 
and other affected organs was also observed as one of the major 
symptoms. In cases where swine were fed with Penici Ilium rubrum - 
corn substrate, some correlation between severity of kidney lesions
I
and time to death was found. This, however, was not the case with 
the liver lesions. The liver was found to be able to cope and 
detoxify sub-lethal doses of the toxin from Penicillium rubrum (Stoll). 
Their experiment also revealed that the toxic factor was stable on 
heating or cold storage and also that it is present in an aqueous 
supernatent extract of dried corn culture of Penicillium rubrum.
This supernatent also proved to be toxic to horses.
The toxic factor in cultures of Penicillium rubrum was not 
characterised further at this stage but the importance of moulds, 
especially the toxigenic ones, in livestock troubles was pointed out.
Forgacs et al., (1958b)described the role of this mycotoxicosis 
in poultry haemorrhagic syndrome which received limited study in the 
past. They found that the clinical symptoms of this disease were 
similar to those of mouldy corn toxicoses of swine. A variety of 
moulds such as Aspergillus clavatus, Aspergillus flavus, Penicillium 
purpurogenum, Penicillium rubrum and a species of Alternaria were used 
in their test. These represented the main species isolated from the 
mouldy c o m  feed consumed by swine which later showed the symptoms of 
mouldy c o m  toxicoses. The ability of Penicillium rubrum to produce 
characteristic symptoms of the haemorrhagic syndrome in chicks under 
test was observed. This mould was one of the two moulds found to be 
toxic in these tests, the other being Penicillium purpurogenum.
This group also examined the influence of a protein-mineral-vitamin 
supplement and chlortetracyclin on the effect of toxic feeds. All 
these factors were examined under laboratory as well as simulated 
field conditions. They observed lessening of symptoms due to the 
mycotoxicosis when chlortetracyclin and/or protein-mineral-vitamin 
supplement was added to chick feed. From these studies a similarity 
between poultry disease and the mouldy c o m  toxicoses emerges, 
implying the same or similar aetiological agent involved in both 
mycotoxicoses.
A relationship between the mouldy corn toxicoses of swine 
and a disease called hapatitis "X11 of dogs was suggested by Bailey and 
Groth * (1959). Hepatitis "X" could be reproduced by feeding certain 
lots of commercial dog feed which were involved in a naturally 
occurring outbreak of this disease. The symptoms of the two diseases 
were found to be similar. After injection terminal haemorrhaging
occurred in a variety of organs and tissues accompanied by fatty 
change of liver and proliferation of bile ducts. After tests on 
mouldy corn from suspect fields a commonaetiological agent for 
the two diseases was suggested. The mouldy corn implicated in 
the mouldy corn toxicoses of swine was ground and fed to dogs.
The corn proved to be toxic to dogs and produced a condition 
grossly and microscopically indistinguishable from hepatitis "X".
The ability of a single mould, Penicillium rubrum, to 
produce symptoms characteristic of three different diseases in 
laboratory as well as field conditions indicate that this is the 
organism common to all three mycotoxicoses described.
First attempts to isolate the toxic factor from a strain,
P-13, of Penicillium rubrum, were made by Wilson and Wilson (1961). 
This strain proved to be exceptionally toxigenic when grown on 
certain grain. They extracted an acidic hepatotoxin from cultures 
of P-13 grown for 2-3 weeks on hard c o m  moistened with 17o sucrose.
A heat stable product was obtained on extraction of the medium with 
methanol. Partial purification was achieved by the use of selective 
solubility of the toxic factor in polar solvents. Examination of this 
substance in experimental animals showed that it was lethal, in 
adequate dosage, to dogs, rabbits, guinea pigs and mice. In dogs it 
produced symptoms very much like those observed in naturally occurring 
hepatitis "X". The LD 50 for white mice was given as 0.2-0.4mg (iyV*,) 
and0.l-0.2mg (i.p.). The most pronounced lesions were found in the 
liver where haemorrhage, congestion and cellular degeneration occurred 
accompanied by fatty changes. No antibiotic activity was observed in 
cultures or extracts of P-13 strain. The toxic principle was further
characterised by the same authors (Wilson & Wilson, 1962) who 
provided further information on culture production and extraction 
procedures. They observed a variation in cultural characteristics 
depending on the medium employed and particularly the brilliant 
organge colour developing after 8 to 14 days growth on moist com, 
which was used, in this case, for the production of the toxic 
principle. After incubation of the cultures for 14 days, they were 
extracted with petroleum ether and methanol and purified by physical 
and chemical means. The preparation was also separated into two toxic 
fractions on the basis of their solubility in ethyl or butyl acetate.
In addition they followed the progress of toxin formation in the corn 
medium by extracting it at various stages during incubation. Potency 
was established in mice. Preliminary chemical studies were performed 
on the toxin employing infra-red analysis of samples of toxic fractions 
and their derivatives, and examination of solubility properties. Use 
of filter paper discs was employed in testing the antibiotic activity 
of the fractions obtained on extraction. Infra-red spectra of the 
three fractions obtained were identical. The most toxic fraction 
was reported to be soluble in acetone, ethylene and propylene glycols, 
ethyl and butyl acetates, concentrated sulphuric acid and glacial 
acetic acid and insoluble in diethyl ether, petroleum ether, benzene, 
chloroform, toluene and glycerol.
Neubert and Merker (1965) studied the effects of the toxin on 
energy metabolism in mitochondria isolated from rats treated with 
Penicillium rubrum toxin. They found that respiration and oxidative 
phosphorylation decreased following the injection of toxin, however, 
they thought this to be of minor significance where development of 
fatty infiltration of liver was concerned. It showed that massive
fat infiltration of liver.cells can go along with quite normal
mitochondrial operation. Some years later Hayes and Hannan (1973)
demonstrated that the uptake of oxygen by liver homogentates in the
presence of Kreb*s cycle intermediates was inhibited by rubratoxin
B i'. Male mice liver homogenates were found to be more sensitive to
this inhibition. Citrate oxidation by liver homogenates of male
-4
mice was inhibited 557c by 4.63 x 10 M rubratoxin B . In vivo experiments 
revealed inhibition of citrate oxidation but not of succinate, which 
was also inhibited in vitro. They also suggest that the reported 
synergistic relationship between aflatoxin Bl, and rubratoxin B 
(Wogan et al., 1971) may be explained by giving aflatoxin Bl, the 
role of a sensitizing agent to the toxic effects of rubratoxin B.
The in vitro effects of rubratoxin B on the electron transport 
system of mouse liver mitochondria was further investigated by 
Hayes (1976). At 1.13mM rubratoxin B the oxygen consumption by the 
mouse, liver mitochondria was depressed 737o. A 507> inhibition was 
observed with concentrations of 0.08mM rubratoxin B. Using sodium 
azide and potassium cyanide and comparing results obtained it was 
concluded that the most probable site of action of rubratoxin B in 
interrupting mitochondrial electron transport flow is between 
cytachrome or C and termination of electron flow.
■"i ■ •
Use of semidefined media in production of toxin by Penicillium 
rubrum was first established by Townsend et al., (1966) using 
Raulin-Thom medium enriched with 2.57o malt extract. The mould was 
grown in static culture at 28-30°C for 13 days. Upon extraction of 
culture filtrates a crude toxin preparation was obtained with molecular
5 o
weight of '520 and melting point of 214 C. This was one of the two 
distinct toxic fractions obtained and was called rubratoxin A. 
Rubratoxin B was the second fraction having the melting point of 
167-168°C with decomposition. Both toxic fractions consisted only 
of carbon, hydrogen and oxygen and were very similar on infra-red, 
ultra-violet and n.m.T. spectroscopic analysis. They examined the 
metabolic processes of liver in mice treated with various doses of 
the toxic material employing the sleeping time test with pento­
barbitone sodium.
The structure of rubratoxin B was further elucidated by 
Moss et al.9 (1967) and found to be the major constituent of the 
crude toxin obtained from cultures of Penicillium rubrum M.R.043 
strain.
The partial structure was determined by use of standard 
spectroscopic techniques. It was not at first certain whether 
rubratoxin B contained an anhydride and a stable lactone or two 
stable and one unstable lactones. The molecular formula of rubratoxin 
B, as indicated by elemental analysis, is ^26^30^11 an(^  m°lecu!ar 
weight of 518. It was found that CO^ and water were lost in the mass 
spectrometer. Further work on part structure of rubratoxin B by Moss 
et al., (1968b]brought in the examination of glauconic acid and also 
the fact that the acidic nature of the toxin is due to presence of 
disubstituted maleic anydride function. Finally a complete structure 
of rubratoxin B was proposed by Moss et al., (1968a) after extensive 
study of the part structures and various derivatives of rubratoxin B. 
The substances belong to the nonodride group of fungal metabolites.
It is believed that biosynthesis of this compound may follow a pathway 
analogous to that of the citric acid synthetase reaction in the
- l\ b
tricarboxylic acid cycle. By analogy to other nonodrides , 
rubratoxins could be derived from two units as proposed by
Moss (1971).
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However, there is a strong possibility that the two C ^  units 
are not identical since there are a number of reactions necessary to 
convert these C ^  precursors into molecules which would undergo a 
coupling reaction to produce a nonodride ring. The C ^  units 
necessary for this type of reaction are shown below.
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The two units shown, A and B, are the ideal precursors 
for the formation of the rubratoxin molecule. The closing of the 
lactone ring may arise after the formation of the nonodride ring. 
Involvement of partially or fully unsaturated fatty acid derivatives 
may be necessary to give rise to the two precursors required for 
the coupling reaction shown. (Moss, personal communication.)
Hayes and Wilson (1968), working on production and purification 
of rubratoxin B, describe some factors affecting toxin biosythesis 
in liquid culture. Shake flask as well as fermentor cultures were 
examined and it was found that aeration and agitation had an adverse 
effect on toxin production. It was established that malt extract 
contained some factor or factors essential for toxin production and 
that yeast extract cannot be used as a substitute in the medium.
They also developed some new procedures for extraction of crude 
toxin from liquid cultures of Penicillium rubrum P-13 strain. A 
simple procedure for extraction of rubratoxin from c o m  was latter 
developed by Hayes and McCain (1975).
Further studies on the chemical composition of rubratoxin A 
and B by Moss et al., (1969) established beyond doubt the molecular 
formulae and chemical structure of the two toxins and these were 
confirmed by Buchi et-al., (1970). The fact that any change in the 
chemical structure of the parent molecule will affect its toxicity 
was established. They presented a few derivatives of rubratoxin B 
and their toxicities on i.p. injection into mice as related to the 
toxicity of the parent rubratoxin B molecule. All derivatives 
showed decreased toxicity.
Natori et al., (1970) isolated rubratoxin B from static 
cultures of Penicillium purpurogenum (Stoll). They identified 
the compound by its chemical and physical properties as well as 
comparing it to pure samples of rubratoxin B. The toxicity of 
their preparation was determined in experimental animals and HeLa 
cell tissue culture. Hayes et al., (1970) studied in more detail 
the nutritional factors involved in rubratoxin B production and 
concluded that zinc and iron have some influence on toxin bio­
synthesis. The lack of these elements in unsupplemented media 
such as Czapek-Dox medium, may bring about the apparent loss of 
toxigenic character of Penicillium rubrum maintained for prolonged 
periods on these media.
Recently Emeh & Marth (1972, 1976a, b, c) studied bioproduction 
of rubratoxin in semisynthetic and synthetic media. They examined 
some of the environmental factors affecting rubratoxin synthesis.
The toxicity of rubratoxin B was dealt with further by Edwards 
and Wogan (1968) and Wogan et al., (1971) who used mice,, rats, cats, 
guinea pigs, dogs and chicks as test animals. The route of 
administration of toxin had an effect on the apparent toxicity of the 
preparation. The effects of this toxin on dogs ( Hayes et al., 1973) 
and prenatal development in mice (Hood et al., 1973) have been studied 
closely in recent years. Hayes et al.t (1973) point out the 
importance of the demonstration o«f hepatic injury coupled with the 
demonstration of the toxin or its metabolites in urine of affected 
animals as confirmation of an acute toxicosis induced by rubratoxin B.
Their findings of elevated activities of alkaline phosphatase and 
glutamic-oxaloacetic transaminase and decrease in lactic dehydrogenase 
activity in the serum of affected animals, are features of, but as 
they point out, may not be diagnostic of rubratoxicosis in dogs.
Hayes and Wyatt (1970) performed a survey of the sensitivity 
of microorganisms to rubratoxin B and found that the toxicity of 
rubratoxin B to microorganisms was generally lower then to higher 
animals. They observed no effect from rubratoxin B on algae, 
fungi and gram-negative bacteria. Table 7 shows their results 
with rubratoxin B sensitive microorganisms.
Examining the toxic effects of rubratoxin B on fungi, Reiss
(1972) found that rubratoxin B at a concentration of 100|ig/disc 
completely inhibited sporulation of all the fungi tested and lower 
concentrations diminuished sporulation of most of them. It was 
assumed that the toxic effects in hyphal tips of the fungi were caused 
by interference of rubratoxin B with wall synthesis. The same author
(1973) examined the effects of four mycotoxins on the fermentation 
activity of beakers yeast and found that rubratoxin B in concentrations 
tested enchanced fermentation of this yeast as measured by amount of 
CO^ produced.
The fact that Tetrahymena pyriformis was reasonably sensitive 
to rubratoxin B and to other mycotoxins (Hayes et al.» 1974) had 
previously been used by Wyatt and Townsend (1974) for the bioassay 
of this toxin. In their experiments the concentration of rubratoxin 
A and B required to produce 507, inhibition of growth of Tetrahymena 
pyriformis strain W were 8.75pg/ml and 20.5|ig/ml. respectively.
*
TABLE 7 Rubratoxin B sensitive microorganisms
MICROORGANISM NO. OF SPECIES 
INHIBITED
MINIMAL INHIBITORY 
CONCENTRATION pg/ml
Bacillus sp. 4 1000
Micrococcus sp. 2 1000
Staphylococcus sp. 1 1000
Tetrahymena pyriformis 1 25
Vo1vox aureus 1 50
Taken from Hayes and Wyatt (1970)
8.5|ig/ml. was found to be the minimum inhibitory concentration for 
pure rubratoxin B and was much lower than value reported in 
preliminary work by Hayes & Wyatt (1970).
Recently, several reviews on Penicillium rubrum and the 
rubratoxins have been published (Moss , 1971; Newberne, 1974)
summarising the knowledge on rubratoxins up to date. Table 8 
shows some of the properties of the two toxins.
The object of this study is to learn more about the effect of 
the external environment on growth and toxin production by 
Penicillium rubrum CMI 112715 in liquid culture and an attempt to 
determine which pathway or pathways of primary metabolism may have 
a direct influence on pathways of toxin biosynthesis. The primary 
metabolic routes were hopefully controlled and regulated by varying 
the nutritional environment to favour certain metabolic pathways but 
also by use of metabolic regulators which have been used in work with 
filamentous fungi previously. When adjusting the nutritional 
environment so as to favour certain pathways of primary metabolism, 
the possible route of synthesis of rubratoxins, as proposed by Moss 
(1971), was kept in mind. The study of the secondary metabolic 
character of the toxins was of special interest.
it
TABLE 8. Comparison of some properties of rubratoxins
PROPERTY RUBRATOXIN A RUBRATOXIN B
Formula C26H32°11 C26H30°11
Molecular wt. 520 518
Melting point 210-214°C (dec.) 168-170°C (dec.)
20
(a)p (C=2 acetone +84° +67°
>  (CKLCN) f\ max 3 252 m(J. ( 4430) 251 m\i ( 9700)
LD^q (i.p. in
polyprop.) 
glycol in mice)
6.6 mg/kg 3.0 mg/kg .
* Taken from Moss (1971)
2. MATERIALS AND METHODS
2. Materials and Methods
2.1. Penicillium rubrum culture
The organism chosen for this study was Penicillium rubrum 
CMX 112715 obtained from the Commonwealth Mycological Institute, Kew, 
Surrey. On Czapek-Dox medium this strain produced growth character­
istic of Penicillium rubrum (Stoll) as described by Raper and Thom 
(1949). A stock of freeze-dried spores of this strain was prepared 
by harvesting spores from 14 day old slopes of the organism on malt 
extract, suspending them in a glucose-serum broth and freeze drying 
the suspension in 0.3 ml quantities ("Speedivac" model 5PS, Crowley, 
Sussex).
For preparation of the inoculum the organism was grown on malt 
extract agar slopes at 25°C for 14 days, the spores harvested by 
washing each slope with sterile Tween 80 (3 ml) and diluting with
3 ml water. This gave a final spore suspension containing between
7 8
7 x 10 and 1 x 10 spores /ml. 0.5 ml of this suspension was used 
as an inoculum for 300 ml of medium. No more than 5 subcultures were 
prepared from any one ampoule due to progressive loss of the toxigenic 
property of this strain during prolonged subculturing (Appendix 2).
In the attempt to increase the number of subcultures from an 
ampoule the malt extract agar slopes were fortified with zinc ions 
(ZnSO^) but this only resulted in increased pigmentation of the slopes 
and no effect on the number of subcultures that could be obtained.
2.2. Liquid culture media for toxin production
The medium initially used for toxin production was that of 
Raulin-Thom fortified with malt extract (Townsend et al., 1966).
The composition of the original medium is given below but 
in later stages of experimental work this medium was modified to 
give a chemically defined medium.
Glucose 75
Tartaric acid 4 11
Ammonium tartrate 4 "
Magnesium carbonate (MgCO^) 0*4 *'
Ammonium sulphate ^(NH^^SO^ 0.25 "
Ferrous sulphate |Fe SO^. 0.07 '*
Zinc sulphate ^ZnSO^. 7K2°) 0.07 •'
Potassium carbonate ^ 2 ^ 3 ^
Sodium dihydrogen phosphate ^NaH^PO^j 0.6 
Malt extract (Oxoid) 37.5 "
Demin, distilled water 1500 ml.
The substrates were dissolved in such a way as to avoid 
precipitation of salts.
Where this medium was used to study the effects of various 
nutrients on growth and toxin biosynthesis by the organism then 
magnesium carbonate was replaced by MgSO^ because of its better 
solubility.
The modified medium finally adopted contained 77« glucose, 0.27o 
sodium bicarbonate, increasing the pH from 3.9 to 4.6.(approx.) and 
did not contain malt extract.
2.3. Growth and toxin production
2.3.1. Static culture
In static culture experiments the organism was grown in 1 1.
Roux culture flasks containing 300 ml of the appropriate medium 
(a modification of method by Natori et al., 1970). The cultures 
were incubated at 25°C for 14 days or longer depending on the type 
of experiment. In a typical culture of this sort the mycelial mat 
formed after 14 days of incubation was uniformly pigmented on the 
surface of the mat exhibiting the characteristic deep red colour.
The underside of the mat was deep red/brown. The culture medium was 
of a lighter shade of red and somewhat viscous. With certain inocula 
using this type of culture and a defined medium, over 1.5 g/litre of 
crude toxin could be obtained.
2.3.2. Shake flask culture
The organism was grown in 250 ml Erlenmeyer flasks containing 
100 ml of appropriate medium on an orbital shaker running at 250 r.p.m. 
at 25°C (modification of method by Gatenbeck & Mahlen; 1968). Cultures 
were normally incubated for a shorter time than static cultures 
(about 8 days). The inoculum was also appropriately scaled down.
Growth was in pellets of about 1-2 mm diameter and pigmented 
deep red after three days incubation. The filtrates were similar to 
ones obtained from static cultures although rather more viscous. The 
yields of crude toxin from this type of culture were much lower.
2.3.3. Culture replacement experiments
This technique was-adopted for static culture whereby the 
organism was grown in static culture at 25°C for a certain period 
of time then the old medium drained, the mycelial mat washed in 
sterile demineralised distilled water (3 x 500 ml) and 250 ml of 
the appropriate fresh medium introduced. The cultures were then 
left to incubate for up to 14 days and sometimes longer in some 
experiments. Controls were always taken at the point of replace­
ment of the medium so as to know the stage of development of the 
organism at the time of replacement.
2.3.4. Fermentor cultures
The Biotec, type LP100 fermentation unit was used with 1.5 1, 
fermentation vessel.
Volume of medium in fermentation vessel - 1.2 1.
Aeration 
Stirrer speed 
pH range 
Temperature 
Inoculum
variable from 0.3 1/min. to 1.2 1/min. 
800 r.p.m.
4.9 —  2.6 (not controlled on acid side) 
25°C
2 ml of a spore suspension in Tween 80.
The fermentor was run for 11 days maximum and either provided 
with air from the atmosphere using an electric pump or with alternative 
gas mixtures from cylinders.
Due to massive growth accumulation at the surface of the medium 
in the vessel and blocking of weir, a second impeller was installed 
at the surface to disperse this growth.
2.3.5. Dry weight measurement
Cultures were filtered under negative pressure onto a 
Buchner funnel, the mycelium washed with distilled water 
(5 x 500 ml) and dried at 100°C overnight.
2.3.6. Glucose measurement
The method of Nelson (1944) and Samogyi (1952) was used.
Copper reagent (A): 4 g of CuSO^^I^O in 40 ml distilled
water and 24 g of anhyd. sodium carbonate in 250 ml distilled water 
were mixed. 16 g of sodium bicarbonate, 0.12 g. sodium, potassium 
tartrate and 180 g of sodium sulphate were dissolved in 500 ml of 
hot distilled water, cooled and added to previous solution. Final 
volume was made up to 1 1.
Arsenomolybdate reagent (B): 25 g ammonium moiybdate dissolved
in 450 ml distilled water and mixed with 21 ml conc. sulphuric acid
and 3 g Na0 H As 0 ’7Ho0 in 25 ml distilled water. Stored in dark 2 4 2
bottle at 37°C for a few days before use.
Equal volumes of copper reagent and sample are mixed, heated 
in a boiling water-bath for 10 min., cooled, and a volume of 
arsenomolybdate reagent equal to the sample was added. Spectro­
photometer readings were taken at 500-525 mm and the concentrations 
of glucose in the sample estimated from the standard curve prepared.
In the majority of experiments the pigmentation of culture 
filtrates was too intense to use this method for glucose estimation.
2.4. Extraction and detection of crude toxin
After the prescribed time of incubation, the cultures were 
filtered under negative pressure, the culture filtrates concentrated 
in a rotary evaporator (under reduced pressure and a water bath at 
55°C to approximately \ original volume, acidified to pH 1.5 with 
conc. HC1 and extracted with diethyl ether continuously for 18 hours 
in a liquid/liquid extractor (Jobling Laboratory Division). This 
method was proposed by Hayes and Wilson (1968) and was applied here 
only to the point of obtaining the crude toxin preparation. The 
ether extracts were evaporated to h original volume, the precipitated 
material filtered through sintered glass filter (por. 3) and washed 
several times with anhydrous diethyl ether. The crude toxin obtained 
in such a way was just off-white colour and contained a mixture of 
rubratoxin A and B (Appendix 1). The toxin was not further purified 
but the identity was confirmed using TLC and IR spectroscopy.
2.4.1. Thin layer chromatography
This method was used to confirm the presence of rubratoxin A 
and B in crude preparations. 1 mg of crude toxin was dissolved in 1 ml , 
of acetone and spotted on silica gel plates (10 x 20 cm) of 0.25 mm
thickness. The plates were developed immediately in glacial acetic 
acid - methanol - chloroform (2:20:80 v/v/v) solvent system using pure 
crystalline rubratoxin A and B (1 mg/ml of acetone) as standards.
(Hayes and Wilson, 1968). The solvent boundary was allowed to reach 
about 14 cm from the base line before the plates were taken out of 
the tanks, dried and viewed under ultraviolet light of 254 nm and 
350 nm before and after heating at 150°C (Hayes and McCain, 1975)
Viewed under 254 nm the crude sample of toxin gave rise to 
two distinct dark spots of Rf value 0.55 and 0.25. The standards 
used gave spots of similar Rf value corresponding to rubratoxin 
B and A respectively.
When plates were heated at 150°C for 10 min. and observed 
under U.V. light of- 350 nm, a light fluorescent spot on a dark 
background was observed corresponding to rubratoxin B, which was 
not present before heating. Rubratoxin A, however, did not exhibit 
this phenomenon.
A second solvent system was used in later stages of this study 
composed of glacial acetic acid - ethyl acetate (15:85 v/v).
(Emeh and Marth, 1976s)which gave a much lower Rf value for rubratoxin 
A and B. The two solvent systems in conjunction with heating was 
used to confirm presence of rubratoxin in crude toxin preparations.
"Microcap" disposable micro-pipettes were used to apply the 
samples and quantities ranged from l-5|il per application. The 
pigment impurities in the crude toxin preparations travelled with 
the solvent front. Application of aqueous culture filtrates or 
liquid ether extracts yielded no results on thin layer chromatography 
using these solvent systems.
2.4.2. Paper chromatography
During preliminary investigations descending paper chromatography 
was used to follow sugar utilisation by the organism during growth, 
where glucose estimation was made difficult by pigment interference, 
(Fig. 7). 5 |il samples of culture filtrates from various stages of
growth of the culture were applied to chromatographic paper
- 60 -
Fig. 7. Paper chromatography used for detection of reducing sugars 
in culture filtrates
/fills i*  h jit
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control day 4 day 6 day 8 day 10 day 14 
(sterile 
medium)
(Whatman No. 1) and developed in pyridine/ethyl acetate/water 
solvent system (Moss and Cole, 1964). After an overnight run the 
chromatograms were dried and treated successively with silver 
nitrate/acetone, alcoholic NaOH and sodium thiosulphate solutions. 
Reducing sugar as well as some other medium constituents appeared 
as dark spots on a light background. Sterile culture medium and 
pure sugar and acid solutions were applied as standards.
Furthermore, a method was developed, based on the method for 
detection of carboxylic acids by Buch et al., (1952), which could be 
used to follow rubratoxin biosynthesis during growth of the culture 
by applying samples of culture fluid directly onto chromatographic 
paper. 10 pi of culture filtrates or fluid directly from culture 
vessels were applied to chromatographic paper (Whatman No. 1), dried 
under hot air, and developed in ethyl acetate/formic acid/water 
(3/1/1 v/v/v) solvent system for 6 hours (descending chromatography). 
The chromatograms were then dried, treated with 107„ solution of acetic 
anhydride in pyridine and heated for 20 min. at 110°C. The chromato­
grams were examined under U.V. of 350 nm and if heated for a longer 
period could be examined in daylight. Major components observed and 
their Rf values are shown in Fig. 8.
Rubratoxin B (but not rubratoxin A) could be detected by its 
fluorescence after this treatment when examined under 350 nm U.V. 
light and a faint brown spot could be observed in daylight when 
chromatograms are heated for a longer period. It is ppssible to 
detect down to 6 pg of rubratoxin B by this method and though not as 
sensitive as thin layer chromatography, it is a useful tool for direct 
examination of culture filtrates.
- 62 -
Fig. 8. Detection of rubratoxin B by paper chromatography
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It was observed later that treatment of chromatograms with 
the acetic anhydride reagent was not necessary in order to detect 
rubratoxin B. Heating at 110°C was found to be sufficient to 
produce the fluorescence of rubratoxin B under 350 nm U.V. light. 
Before heating, however, rubratoxin B was not detectable.
In the attempt to lower the Rf value of rubratoxin a solvent 
system with only 1 part of ethyl acetate was used but this only 
increased the Rf value of other components of the medium (glucose 
and tartrate) while the Rf of rubratoxin was unaffected.
2.4.3. Infra red spectroscopy
All crude toxin preparations were subjected to infra red
spectroscopic examination to confirm the presence of rubratoxin.
The spectra were examined for the presence of peaks at 1860 and 
cm™ 1
1820 , indicative of anhydride groups and strong absorption at
cm 1
3520 . The spectra of crude toxin samples were compared to
those of pure materials especially in the fingerprint region.
Fig. 9. shows infra red spectra of pure rubratoxin A and B 
and a typical crude sample obtained from a 14 day old culture of 
Penicillium rubrum CMI 112715 in modified Raulin-Thom medium.
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2.5. Cell free extract preparation
The method used was adapted from Gatenbeck and Mahlen (1968) 
and Scott et al., (1971). 10 day old mycelium was collected from
static cultures (15 g), washed, and ground with acid washed sand
in a mortar at 4°C with 50 ml of 0.2 M Tris buffer containing
-3 -3
1 M (3-mercaptoethanol, 10 M.EDTA 0.25 M NaCl and 20% glycerine,
pH 7.5.
The homogenate was centrifuged at 27000 g at +4°C for 30 min. 
and ammonium sulphate added to 307o saturation. After centrifugation 
at 18800 g for 10 min. the pellet was discarded and the supernatent 
was brought to 507„ saturation. After centrifugation at 18800 g for 
20 min. the resulting pellet was dissolved in 20 ml 0.2 M sodium
-3
phosphate buffer pH 7.8 containing 10 M (3-mercaptoethanol and 
10~3M EDTA.
This preparation was tested for activity.and samples taken 
during incubation and applied to paper and thin layer chromatograms. 
(Appendix 3).
3. RESULTS
3. Results
3.1. Static culture experiments
3.1.1. Preliminary investigation of growth and 
toxin production by Penicillium rubrum CMI 112715 
in liquid Raulin-Thom medium
Initial efforts were centered on familiarisation with the 
growth pattern of the chosen strain of Penicillium rubrum and 
also on improving the yield of crude toxin in the Raulin-Thom 
medium fortified with 2.57, malt extract.The effectof various con­
centrations of bicarbonate (HCO^) in the medium on growth and toxin 
synthesis by this mould was chosen for the initial investigation.
67. sterile sodium bicarbonate solution was added to cultures to 
give a range of bicarbonate concentrations from 0 to 17.. Bicarbonate 
was chosen for the possible effects it may have on certain metabolic 
pathways of the organism. The effect of HCO^ on growth of the mould 
and toxin production can be seen from the results in Table 9. Growth, 
determined by increasing the HCO^ content of the medium, however, an 
increase in the initial pH of the medium was also observed. The 
initial pH of the medium above 7.0 has adverse effects on the growth 
of the organism. Pigmentation on the surface of the mycelial mats, 
which may be used as a marker for onset of secondary metabolic activity 
was also intensified by higher initial pH of the medium. Addition of 
0.27, of bicarbonate to the medium provided the best results since 
detection of the toxin and its isolation was not hindered by
Ta
bl
e 
9.
 
Ef
fe
ct
s 
of
 
HC
CL
 
on 
gr
ow
th
 
an
d 
to
xi
n 
pr
od
uc
ti
on
 
by 
Pe
ni
ci
ll
iu
m 
ru
br
um
 
CM
I 
11
27
15
vO
C/3
in
H
CO
ON
CO co
co
o
m
i
+
H
CO
vO
o
CO
o
CM
in
m
co
E-*
kJi=>o
CO
H
co
+
m
co
cO
CM
H
CO
m
<r
CO
CO
CO
*m
o
•
co
m
o
CM
►Jo
pciHjz
oo
ON
CO
vO
c
o
co »h
4J 4J 
CO CO
P u
o
M
CO
o
•H
CQ
ac
cu
co
*r4
4-1
•H
cM
O•H
4J
O
Pg T3 
00 O  
•H M
P4 a.
xCu
cO
P•H
m
co
ON
co
co
o o
r—I CM
co n-vo
CM
co
co
CM
co
CM
O'
in
o
o
o
o
CM
CM
O
m
co
o
O'
co
covO
o
m  . m
m
r-4
CO
H
•
m
m
co
co
o
m
vO
in
co
oo
NO
co
o
o
O' i'-
co
r>- r>-
CM CM
00 CM
.-4
00 Ovo r"-
oco
CM
CM
oo<r
CM
O'
<r
o
4-J
X00
•H
a)
>Nu
Q
co
co
«-4
4-J
00
a)
•H
>*
e
•Hxo
H
co
cd
H
44
00
<0
•H
P•H
X
o
E-*
4J
X
00•H0)
&
>N
T3
00
pH
 
ad
ju
st
ed
 
wi
th
 
IN 
HC
1 
— 
no
ne
 
de
te
ct
ed
 
tr
ac
e 
am
ou
nt
 
+ 
p
r
e
s
e
nt
excessive pigmentation as in other cultures. The growth characteristics
of the organism remained unchanged in the range of pH 3.9 to pH 6.3.
The mycelial mats were highly wrinkled after incubation for 14 days, the
J :
underside of the mats being deep red/brown colour. The growth became
confluent around day 4 and pigment production'began at day 5-6 in tbe
control cultures. Adjusting the pH with NaOH rather than bicarbonate,
the yield of toxin and dry weight remained unchanged although the
crude toxin preparations were much more intensely pigmented. The
crude toxin preparations were characterised by TLC and- infra-red
spectroscopy using purified rubratoxin A and B as standards. The effect of 
the initial pH of the medium on the growth parameters of this mould is ^
summarised in Fig. 10.
3.1.2. Development of chemically defined medium
The medium normally used for the production of toxin from 
Penicillium rubrum is the Raulin-Thom medium fortified with malt 
extract. Apart from a high proportion of carbohydrate, malt extract 
contains a number of other constituents of uncertain concentrations.
This adds the unknown factor to this medium and in the following 
experiments an attempt is made to remove or replace.malt extract 
without affecting the yield of crude toxin. Aliquots of media 
without malt extract contained the major constituents of malt extract, 
glucose and maltose, in the appropriate concentrations. Other 
components of malt extract were not included in order to keep the 
medium as simple as possible. Both media were tested for growth and 
toxin production by Penicillium rubrum CMI 112715 in presence and 
absence of 0.27. bicarbonate. (TablelO)
The effect of pH on cultures without malt extract seems to 
be greater in terms of morphological changes observed during growth
Fig. 10. pH effect on growth and toxin synthesis by Penicillium
rubrum CMI 112715
•' DRY WEIGHT (g/flask)
A TOXIN YIELD (g/flask x 10_1)
6
5
4
3
2
1
1 2 3 54 6 7 8 9 10
PH
TABLE 10 Effects of presence or absence of malt extract
in the medium or growth and toxin yield
MALT EXTRACT 
PRESENT
MALT EXTRACT 
NOT PRESENT
ST 6 A ST 7 ST 8 ST 9
Initial pH 
Pigment production 
Final pH
4.0 
T
3.0
4.5
T
3.1
3.8
2.85
4.6 
-H- 
3.0
Dry weight 
(g/flask)
4.8270* 5.4010* 4.280
4.142
5.012
5.201
Toxin Yield 
(g/flask)
0.2371
0.2411
0.3431
0.3323
0.2310* 0.3280*
Toxin Yield
(g/g dry weight of 
mycelium)
0.049 0.062 0.052 0.064
none detected 
+ present
* Average of two samples 
T Trace amount
of the mycelium on the surface of the medium. Pigmentation of 
the surface of mycelial mats in cultures lacking malt extract was 
much more intense, perfectly uniform all over the surface, and was 
initiated at day 4 of incubation. Cultures with malt extract 
exhibited more abundant growth in the early stages of incubation 
but the pigmentation of the surface of mycelial mats was restricted 
to small areas only, even after 14 days of incubation. There was 
not a significant decrease in the yield of toxin per culture and it 
was, therefore, found practicable to exclude malt extract from the 
medium in future work.
This defined medium was used for an initial study of the 
growth pattern of Penicillium rubrum CMI 112715 (Table IT) and a 
graphical representation of growth and toxin synthesis are presented 
in Fig. 11.
Crude toxin was first detected after 140 hours of incubation.
Onset of pigment synthesis was noted around 120 hours after inoculation. 
Onset of both, pigment and toxin synthesis, is close to the point 
where the growth rate of the organism slows down. Production of 
toxin continues all through this slower growth phase up to the 
stationary phase. Whether this point of initiation of toxin synthesis 
was reached due to exhaustion of a readily available carbon source 
such as tartrate or whether the limiting factor is the nitrogen source 
is not yet clear.
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11. Some growth parameters of Penicillium rubrum CMI 112715
• DRY WEIGHT (g/flask)
A TOXIN YIELD (g/flask x 10”1)
o pH
A REDUCING SUGAR CONTENT (mg/ml)
500400300200100
INCUBATION TIME (HRS.)
3.1.3. Examination of carbon source 
in the chemically defined medium
Possibilities of replacing maltose by its equivalent of 
glucose were examined in order to obtain a medium with glucose 
as the only other carbon source. The effects of maltose in the 
medium were examined. (Table 12).
Exclusion of maltose from the medium has no adverse effect 
on toxin production and the cultures seem to respond favourably 
to the increased glucose content. Examination of samples of 
cultures during growth by paper chromatography revealed that 
maltose was hardly utilised, if at all, in the presence of glucose. 
It seems that if a proportion of glucose is replaced by maltose the 
effect exerted is reduction.in the concentration of available carbon 
in the medium.
Whether maltose can be utilised as the sole sugar source in 
the medium was examined further. (Table 13). Maltose is utilised 
in the absence of glucose and according to dry weight measurements 
the growth is just as good as in cultures with glucose only, however 
the toxin yield is lower. Where excess maltose was used the yield 
of mycelial mass was lower, so was the toxin yield and on paper 
chromatography utilisation of maltose was initiated after exhaustion 
of glucose. In graphical form (Table 14, Fig. 12) the evidence for 
diauxic growth is not apparent. Highest yield of crude toxin was 
obtained in media containing only glucose as the major carbon source
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TABLE 13 Effects of glucose and maltose concentrations on
toxin yield
CONTROL ST 37 ST 38 ST 39
Initial pH 4.5 4.5 4.5 4.6
Pigmentation + + + +
Final pH 3.2 3.2 3.4 3.3
-Dry weight 
(g/flask) 5.022 4.958 4.389 4.903
*Toxin Yield 
g/flask)
0.3956 0.4883 0.3109 0.3568
Toxin Yield 
(g/g dry weight 
of mycelium)
0.079 0.098 0.071 0.070
* Average of two samples
CONTROL - 54.6 g glucose/lit.
12.6 g maltose/lit.
ST 37 - 68 g glucose/lit.
ST 38 - . 10.6 g glucose/lit.
54.6 g maltose/lit.
ST 39 - 64.6 g maltose/lit.
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Fig 12. The effects of mixtures of sugars on growth and toxin
yield b y Penicillium rubrum CMI 112715
• DRY WEIGHT (g/flask)
A TOXIN YIELD (g/flask x lO’1)
6
CONTROL
ST 37 
ST 39
5
ST 38
4 A*- CONTROL
ST 39
3
2
1
///
100 200 300 400 500
INCUBATION TIME (HRS.)
Tartrate, as the only other carbon source, was examined for 
its role in the growth pattern of the mould. Ammonium sulphate 
was used as the nitrogen source and Na,K-tartrate as tartrate 
source in media where tartrate was included. Controls were 
prepared with Raulin-Thom medium not fortified with malt extract 
and pH of 4.5. (Table 15).
Exclusion of tartrate from the medium results in a prolonged 
lag phase and a slow initial growth rate. (Table 16, Fig. 13).
The cultures were atypical in their gross morphological appearance 
of Penicillium rubrum cultures.
Although there may be some effect exerted by the nitrogen 
source used, the presence of tartrate in form of Na^K-tartrate 
increases the yield of crude toxin without affecting the growth 
rate and, therefore, eliminates this as the major effect. The 
final yield of mycelial mass, toxin and the intensity of pigmentation 
on the surface were all greatly affected by lack of tartrate from 
the medium. Tartrate may play a very important role in the initial 
stages of growth, providing the initial very rapid growth rate 
necessary to bring the organism up to the appropriate physiological 
state for secondary metabolic activity.
3.1.4. Examination of glucose concentration 
in the medium with respect to growth and toxin yield
Media were prepared to which aliquots of sterile glucose 
stock solution were added to give a range of glucose concentrations. 
The results are summarised in Table 17.
TABLE 15 Effects of tartrate on growth and toxin production
by Penicillium rubrum CMI 112715
CONTROL ST 40 ST 41
Final pH 3.0 2.4 2.9
Pigmentation + - -f-
Dry weight 5.397 3.971 5.547
(g/flask) 5.510 4.013 5.419
Toxin Yield 0.3721 0.0415 0.1166
(g/flask) 0.3694 0.0395 0.1320
Toxin yield 
(g/g dry weight of 
mycelium)
0.068 0.010 0.022
ST 40 - no tartrate present, (NH^^SO^ as nitrogen source
ST 41 - NafK-tartrate present, " " " "
TABLE 16 Sampling of cultures examined for effects of absence of
tartrate on toxin yield
SAMPLING
TIME
CONTROL ST 40 st 41
DRY
WEIGHT*
TOXIN* DRY
WEIGHT* TOXIN*
DRY
WEIGHT*
TOXIN*
90 1.480
1.494
-
0.342
0.394
-
1.219
1.241
121 3.001
3.045
1.530
-
2.800
2.838
168 3.865
3.885
0.105 2.711 - 4.121
4.035
T
217 4.500
4.542
0.251
0.285
. 3.251 
3.299
0.013 4.810
4.752
0.057
•P.
288 5.181
5.219 0.344
3.801
3.741
: 0.036 ,45.269
{*5.273
0.109
356 5.397
5.510
0.372
0.369
3.993
0.040 5.547
,5.419
01117
0.132
* in g/flask = not present T = trace amount
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13. Effects of tartrate in the medium on growth and toxin
yield by Penicillium rubrum CMI 112715
, DRY WEIGHT (g/flask)
A TOXIN YIELD (g/flask x lO"1)
ST 41 
CONTROL
ST 40
CONTROL
ST 41
 A ST 40
500300 400200100
INCUBATION TIME (HRS.)
Media containing 77. glucose provided the. highest yield 
of crude toxin without imposing difficulties due to intense 
pigment formation. The crude toxin contained rubratoxin A and B 
when examined by TLC and some pigment impurity. Concentrations 
of’ glucose below 57. provided the growing culture with enough carbon 
for synthesis of cellular components but not enough for initiation 
of secondary synthesis (Fig. 14). Estimation of levels of glucose 
in samples was interferred with by presence of pigment which 
intensified progressively. This modified Raulin-Thom medium, 
containing 77o glucose as the only sugar source and 0.27o bicarbonate, 
was used in future work.
3.1.5. Preliminary studies of the effect of biotin 
zinc and phosphate on toxin yield
The effects of biotin in media with and without zinc were 
examined as was the effect of phosphate concentration 
(Table 18). If exhaustion of phosphate source is the factor 
necessary for onset of toxin synthesis then it would be blocked by 
increased concentration of phosphate in the medium.
The presence of biotin in media without zinc improves the yield
of toxin although the dry weight was not affected. Such an effect
was not observed in media containing zinc.
Absence of zinc from the medium affected the yield of toxin
only indirectly. The yield of toxin per gram dry weight of mycelium
remains similar to controls. There was only a trace of pigment noted 
in these cultures. Extra phosphate added to the medium had no 
special effect other than increased intensity of pigment on the 
surface of the mycelial mat.
Fig. 14. Effects of glucose content of the medium on growth and
toxin synthesis by Penicillium rubrum CMI 112715
• DRY WEIGHT (g/flask)
A TOXIN YIELD (g/flask x 10"1)
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Attempts to obtain toxin anaerobically from cultures pre­
grown aerobically for 10 days have failed. Toxin production as 
well as pigment synthesis were blocked within hours of introduction 
of cultures into the anaerobic chamber.
3.1.6. Effects of ferrocyanide on growth 
and toxin synthesis by PeniciIlium rubrum CMI 112715
-3
10 M ferrocyanide was added to actively growing cultures prior 
to initiation of toxin synthesis (96 hour old cultures).in order to 
examine the effect of ferrocyanide on toxin initiation and production. 
Ferrocyanide cultures and their controls were sampled regularly 
during incubation (Table 19) and growth curves plotted (Fig. 15).
Hours after addition of ferrocyanide the medium in the culture 
vessels turned green and the growth rate was markedly reduced..
However, toxin synthesis was initiated and production* continued 
throughout the incubation period. Ferrocyanide at this concentration 
seems to have no effect on processes leading to rubratoxin biosynthesis. 
The effect of this concentration of ferrocyanide at different stages 
of growth of the mould was examined (Table £0) and toxin yields 
and dry weights compared to the control (Fig. 16).
A strange effect of increased toxin yield compared to control 
was observed in cultures where ferrocyanide was added after 240 hours 
of incubation.
It is interesting to note that pigment synthesis was blocked 
in cultures where ferrocyanide was added in the early stages of growth 
although toxin synthesis was not. Up until now synthesis of toxin
-3
TABLE 19 Effects of 10 M ferrocyanide, added to 96h. old culture,
on growth and toxin production
FERROCYANIDE CULTURES CONTROLS
SAMPLING 
TIME (h.) DRY WEIGHT 
(g/flask)
TOXIN
(g/flask)
DRY WEIGHT 
(g/flask)
TOXIN
(g/flask)
96 - - 2.200
2.228
-
145 2.9971
2.9529
0.0089
0.0101
3.295
3.361
0.0202
0.0222
200 3.297
3.303
0.0349
0.0353
3.971
3.989
0.0932
0.0972
332
3.8300
3.8200
0.1011
0.1079
4.785
4.879
0.2130
0.2336
480
3.9660 0.1275 4.810
4.948
0.2451
0.2256
Final toxin 
yield 
(g/g dry 
weight of 
mycelium)
0.032 0.048
-3
Fig. 15. Effects of 10 M Ferrocyanide on growth and toxin
synthesis by PeniciIlium rubrum CMI 112715
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Fig. 16. Effects of 10 M ferrocyanide on growth and toxin synthesis
when added at different stages of growth of Penicillium
rubrum CMI 112715
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and pigment were initiated at relatively close points in the 
growth cycle of the organism.
An increased concentration of ferrocyanide blocked growth
-5
and prevented toxin synthesis while a lower concentration (10 M) 
gave rise to an increased yield of toxin when compared with control. 
(Table 21). Graphical presentation of results is shown in Fig. 17.
3.1.7. Effects of malonate on growth and toxin 
synthesis by Penicillium rubrum CMI 112715
- 2
Malonate, of a concentration of 10 M, was added to actively 
growing cultures before and after initiation of toxin synthesis (Table 
22). Cultures with malonate and controls were sampled at regular 
intervals during growth and growth and toxin production represented 
graphically (Fig. 18).
Where malonate was added to cultures before onset of toxin 
synthesis, no toxin was detected in culture filtrates or ether 
extracts of the filtrates. The growth rate, however, was not 
affected and pigment intensity was very high.
When malonate was added to cultures after onset of toxin 
synthesis, the synthesis was blocked and tailed off slowly. Growth, 
measured by dry weight, was again unaffected.
3.1.8. Effects of cycloheximide on growth 
and toxin production by Penicillium rubrum CMI 112715
- 2
Cycloheximide, at 10 M, was added to growing cultures at 
various stages during growth and sampled at intervals (Table 23).
TABLE 21 Effects of different concentrations of ferrocyanide, added to
115 h. old cultures, on final toxin yield (after 331 h. of incubation)
CONCENTRATION OF 
FERROCYANIDE ADDED
FERROCYANIDE CULTURES
DRY WEIGHT* 
(g/flask).
TOXIN*
(g/flask)
TOXIN (g/g 
dry weight 
of mycelium)
io“2 2.516 - -
io"3 4.300 0.1137 0.026
i—* o i 4.836 0.2079 0.043
io"5 4.797 0.3027 0.063
CONTROLS
5.045 0.2369 0.047
* average of two samples
- y v  -
Fig. 17. Effects of different concentrations of Ferrocyanide on .
growth and toxin synthesis by Penicillium rubrum CMI 112715
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Fig. 18. Effects of 10 M Malonate on growth and toxin synthesis
added before and after onset of toxin synthesis
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Cycloheximide had a much greater inhibitory effect on 
growth of the mould than ferrocyanide. An unusual effect was 
that no toxin could be detected even in cultures where toxin 
synthesis was initiated before cycloheximide had been added.
Fig. 19 shows the effect of cycloheximide in graphical form.
Pigment synthesis was also blocked by cycloheximide.
3.1.9. Further studies on growth and toxin
synthesis using the culture replacement technique
Preliminary studies involved examination of the effect the 
absence of zinc and nitrogen source from the replacement medium
i
have on a nine day old culture of Penicillium rubrum CMI 112715 
and final yield of crude toxin. (Table 24).
A nine day old culture yielded some 140 mg of toxin which 
amounted to 47 mg per gram dry weight of mycelium.
Exclusion of nitrogen from the replacement medium gave 
results very similar to those where a nitrogen source was present 
although the final yield of toxin and biomass were lower. This 
may suggest some degree of comitment to the process of synthesis 
of toxin, analogous to sporulation. Absence of zinc from the 
replacement medium confirms the result obtained previously where 
zinc was absent from the medium. The yield of toxin in terms of 
grams of toxin per gram dry weight of mycelium even increased 
compared with nine day old cultures.
Carbon sources were examined by this technique where varying 
concentration of carbon source were added to replacement media 
without a nitrogen source. Absence of nitrogen source should provide
Fig. 19.
-2
Effects of 10 M Cycloheximide on different stages of
growth of Penicillium rubrum
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a situation where growth rate and energy utilisation for this 
purpose is minimal. (Table 25).
Without carbon source in the replacement medium autolysis
\
sets in and the filtrate dbtained at the end of experiment.was 
dark brown/red. Media containing tartaric acid as the only carbon 
source gave no toxin. Replacement culture media with glucose gave • 
a reasonably high yield of toxin for a relatively low increase in 
mycelial dry weight.
3.1.10. Examination of the effect of 
concentration of nitrogen source in replacement medium 
on toxin yield and mycelial dry weight
Ammonium tartrate was used as the nitrogen source in replace­
ment media and the tartrate content (overall) kept constant using 
appropriate amounts of tartaric acid. Initial pH of replacement 
media was 3.9. Replacement media were introduced to 4 day old 
cultures and final samples taken on day 20. (Table 26).
A high concentration of nitrogen in the replacement medium 
yielded trace amounts of toxin at the end of incubation time and, 
conversely, a low nitrogen concentration yielded a higher toxin 
yield. A similar effect was observed with pigment synthesis on the 
surface of mycelial mats. The effective carbon content of the 
replacement media was kept constant. In cultures where replacement 
media contained a high concentration of nitrogen pigmentation of 
the surface of mycelial mat was not observed. Since the replacement 
media were introduced to cultures before the onset of toxin synthesis, 
the toxin detected in final samples is synthesised by the mycelium 
in the replacement media.
TABLE 2$ Examination of carbon source in the medium in absence of a
nitrogen source
CONTROL
DAY 8 DAY 14 CRE 4 CRE 5 CRE 6
Final pH 2.95 7.1 3.0 3.2
-Dry weight 
g/flask
4.150 6.281 2.900 5.648 5.736
*Toxin
g/flask 0.1720 0.3719
- 0.0744 0.1276
average of two samples - none detected
CRE 4 
CRE 5
CRE 6
CRE 7
replacement mediunT'lacked a carbon source
replacement medium’contained 51 g of glucose 
and 7.26 g of tartaric acid per litre
replacement medium contained 57 g per litre 
of glucose only
iV
replacement medium contained only tartaric 
acid, 7.26 g per litre.
** medium replaced after 8 days of incubation.
CRE 7 
3.45 
3.362
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3.2. Shake flask culture experiments
In static culture the mycelial mat is highly differentiated, 
the top surface being exposed to the atmosphere and the bottom to 
a relatively low oxygen concentration and in immediate contact 
with the nutritional environment. The access of nutrients to 
cells in the centre of the mat is quite restricted and so is the 
passage of gases. It is difficult to know which part of mycelium 
is responsible for toxin synthesis and what conditions, in terms 
of environment, exist in the immediate vicinity of the area 
exhibiting this activity. To minimise mycelial differentiation 
shake flask cultures were used in order to break up the mycelial 
mat into small pellets. High shake rate was chosen for this 
purpose. Media with and without 0.27, bicarbonate were examined 
(Table 2(7).
The growth rate of Penicillium rubrum in shake flask culture 
was much higher and the whole pattern of growth observed in static 
cultures was concentrated in this type of culture, the various 
stages occurring much sooner. Lower pH in this situation had just 
the opposite effect to that observed in static cultures; the yield 
of toxin was increased.
The overall yield of crude toxin was low and difficult to 
extract. Filtration of cultures was made difficult by increased 
viscosity of the medium and toxin obtained was intensely coloured. 
On TLC and infra-red spectroscopy it was confirmed as rubratoxin. 
Growth was in pellets of about 1.5 mm diameter and dark red in 
colour. Pigment synthesis began on day 3 of incubation and toxin 
synthesis on day 4. (Fig. 20).
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Fig. 20. Growth and toxin synthesis by Penicillium rubrum CMI 112715
on shake-flask culture
• DRY WEIGHT (g/flask) '
A TOXIN YIELD (g/flask x 10"1)
1.2
1.0
pH 4.7
0.8
0.6
0,4
0.2
100 120 140 160 180 200 220806020 40
INCUBATION TIME (HRS.)
* INITIAL pH OF MEDIUM
If the yield of toxin could be increased in shake flask 
culture it would be a useful tool for study of toxin synthesis due to 
reduction in the time required to obtain results. Cultures with 
initial pH of 4.7 reached the stationary phase by day 8 of 
incubation. Absence of tartrate from the medium yielded half the 
amount of biomass obtained with cultures grown in complete, 
modified Roulin-Thom medium. First yield of toxin in media where 
pH was adjusted with IN NaOH did not differ from that obtained 
using bicarbonate.
Study of the various nitrogen sources and the response of 
the organism to these in shake flask culture are summarised in 
Fig. 21. In this study no toxin was detected in final culture 
filtrates, not even in the controls. (Table 28).
The behaviour of the organism in shake flask culture was 
much more variable, perhaps due to faster rate of growth and 
higher aeration conditions, than in static culture. Restricting 
aeration at various stages during growth of the shake flask cultures 
using ‘Parafilm* yielded results shown in Table 29. Only the 
control cultures yielded some toxin. (Fig. 22).
Decreasing the shake rate only increased the size of pellets 
and, therefore, increased the possibility of mycelial differentiation 
within pellets themselves.
- 110 -
Fig. 21. Effects of nitrogen source on growth pattern of Penicillium
rubrum CMI 112715 in shake-flask culture
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Fig. 22. Effects by restricted aeration at different stages of
growth of PeniciIlium rubrum CMI 112715 in shake-flask culture
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4. DISCUSSION
4. Discussion
The present study comprises five major areas of experimentation: 
development of a chemically defined medium for production of rubratoxins 
by Penicillium rubrum CMI 112715, examination of the carbon source of 
the liquid Raulin-Thom medium, examination of the effects of nitrogen 
levels in the medium on growth and toxin synthesis, effects of other 
nutritional factors on toxin yields and an examination of the effects 
of three metabolic inhibitors on the growth parameters of the organism. 
Stationary batch cultures and culture replacement techniques were mainly 
employed. For the few experiments with shake flasks confirmed what 
others had previously found, that yields of rubratoxin were always low.
During the preliminary investigation of the enriched Raulin-Thom 
medium attempts were made to increase the yields of crude toxin in 
liquid cultures of Penicillium rubrum CMI 112715 by the addition of 
sodium bicarbonate to. the culture.medium. Effects of bicarbonate and 
CO2  on the overall metabolism of microorganisms are numerous but their 
major roles are in stimulating fatty acid synthesis, polyketide synthesis 
and the role in the anaplerotic sequences. Bearing in mind the 
suggested route for the biosynthesis of precursors of rubratoxins, 
via the condensation of a polyketide derived unit with oxaloacetate, of 
special interest here are the effects of bicarbonate on the polyketide 
biosynthetic pathway and the pathways leading to replenishment and 
accumulation of tricarboxylic acid (TCA) cycle intermediates such as 
oxaloacetate. CC^ is involved in the carboxylation of acetyl CoA to 
malonyl CoA, a reaction catalysed by acetyl CoA carboxylase, and here 
it has a catalytic role. The condensation of acetyl CoA unit with the
malonyl CoA unit is followed by decarboxylation, the liberated CO^ 
going back to react with another molecule of acetyl CoA. This 
sequence is closely shared by fatty acid synthesis as well as the 
route of polyketide synthesis except that in the latter case reductive 
steps are not carried so far if at all. It was hoped that the addition 
of bicarbonate to the culture medium would encourage the carboxylation 
of acetyl CoA to malonyl CoA and, therefore, provide the necessary 
building blocks for polyketide synthesis.
Operation of enzymes of CO^ fixation, pyruvate and phosphoenol-
pyruvate carboxylases, would serve the purpose of replenishment of TCA
cycle intermediates when these are in high demand. Fixation of CO2
by carboxylation of pyruvate to oxaloacetate would replenish the supplies
of oxaloacetate to the cell. In this reaction, as in the carboxylation
of acetyl CoA, CO 2  is bound to the enzyme prior to the reaction with the
substrate, however, it is not released again as in the condensation of
acetyl and malonyl CoA. The presence of these enzymes of CC^ fixation
have been demonstrated and worked with in case of anaplerotic CC^
fixation by Aspergillus nidulans (Bushell & Bull, 1974). A more
important effect of bicarbonate on cellular metabolism was described
by Cantino (1967) who observed multiple enzymatic lesions in the TCA
-2
cycle induced by bicarbonate when added at 10 M concentration to cultures 
of Blastocladiella emersonii. He also observed a simultaneous shift in 
the direction of isocitrate dehydrogenase operation, a shift from oxidative 
decarboxylation of isocitrate to reductive carboxylation of a-ketoglutarate. 
He concluded that the observed 10 fold reduction in O 2  consumption induced 
by bicarbonate appears to have resulted from a corresponding 10 fold 
decrease in the rate at which a-ketoglutarate dehydrogenase is synthesised.
In this situation bicarbonate was involved in alteration of metabolic 
pathways during exponential growth, i.e. directional shift in 
operation of isocitrate dehydrogenase, a decrease in synthesis of 
a-ketoglutarate dehydrogenase and an induction of isocitrate lyase 
which facilitated removal of isocitrate. More recently Kritzman 
et al.(1977) demonstrated a decrease in succinate dehydrogenase activity 
and a significant increase in isocitrate lyase, isocitrate dehydrogenase, 
malate synthetase and malate dehydrogenase activities in cultures of 
Sclerotium rolfsii Sacc when grown in presence of high concentration 
(1 - 107«>). At lower concentrations (1 - 27o) growth rate was enhanced.
The effect of CO^ on the above mentioned enzymes suggests a 
significant effect of CO 2  on induction of the glyoxylate shunt. At 
the appropriate pH (above 2.5) bicarbonate may exert a similar effect 
in cultures of Penicillium rubrum,.therefore encouraging the possible 
accumulation of TCA cycle intermediates and, therefore, a source of 
oxaloacetate. The possible effect of bicarbonate may have on the 
exponential growth of this organism was considered of greater importance. 
Bicarbonate concentration of 0.27o (v/w) in the culture medium gave the 
best results in terms of biomass accumulation and toxin yield (0.07 grams 
of crude toxin per gram dry weight of mycelium as opposed to control 
cultures without bicarbonate yielding 0.049). However, the pH of the 
medium was increased from 3.9 to 4.5 by the addition of bicarbonate at 
the stated concentration and it was later established that the effect 
of bicarbonate was mainly one of pH shift and could be reproduced by 
adjusting the pH of the medium with IN NaOH. Nevertheless, bicarbonate 
was used in the stated concentration in further work since the crude 
toxin obtained from such cultures contained less impurity as judged 
by the appearance of the extracted toxin, then cultures in which the pH 
was adjusted with NaOH. pH values above 7.5 and below 3.0 in these 
studies led to a reduced yield of biomass and negligible, if any, toxin yield.
It also became apparent that the presence of malt extract in 
this medium was not essential for rubratoxin synthesis by this 
strain of the organism. Furthermore, the final yield of crude toxin 
in the chemically defined medium, developed during this stage of the 
study, did not vary significantly from yields obtained with the malt 
extract enriched medium. With the use of defined and enriched culture 
media with 0.27o bicarbonate content the final yields of crude toxin, in 
terms of grams of toxin per gram of mycelial dry weight, after 14 days 
of incubation at 25°C, were 0.064 and 0.062 respectively. Even in 
cultures without the added bicarbonate, although the final yields were 
significantly lower, the relationship between the two values remained 
similar (0.052 and 0.049 respectively).
The strains of Penicillium rubrum used in the studies of Emeh 
and Marth (1976 a,c) and that of Hayes et al. (1970) have shown a 
requirement for malt extract if large yields of toxin are to be 
obtained. Although this requirement was not confirmed in this study , 
the difference in results may be explained by strain variation 
occurring in terms of toxin synthesis and yields of toxin, shown by 
Moss and Hill (1970). Media used in their studies also differed from 
the present one and this factor may also contribute to.the stimulatory 
effect of malt extract in their media on toxin synthesis. One of the 
effects of the addition of malt extract to the medium on toxin yield 
may be its action as an additional carbon source, especially in 
increasing the imbalance of carbon to nitrogen. The yield of a 
secondary metabolite, such as rubratoxin, will depend greats ly on the 
amount of utilisable carbon remaining in the culture medium at the 
onset of the idiophase so that a high C/N ratio, all other nutrients
being present in adequate supply, will give a high toxin yield a 
low C/N ratio a lower yield. However, other effects of malt extract 
are possible due to the complexity of the extract, Substitution of 
malt extract in the medium by the appropriate amounts of its major 
constituents, maltose and glucose, had no adverse effect on growth 
.or synthesis of toxin by this mould although pigmentation and its 
intensity was altered slightly. Also, the morphological characteristics 
of the mycelial mats were more sensitive to the initial pH of the 
defined medium. In the defined medium containing 0.27« bicarbonate 
(pH 4.5) the orange pigment was produced on the surface of the mats 
while in media without the bicarbonate (pH 3.9) the production of 
pigment on the surface of the mycelial mats was not apparent.
Growth of Penicillium rubrum CMI 112715 in stationary liquid 
culture is in the form of surface mats. Growth such as this is 
inhomogenepus so that the mat contains mycelium at various stages of 
development and exposed to a variety of environments. The mycelium 
at the surface of the mat is exposed to more aerobic conditions than 
that below the surface of the medium while the mycelium in contact 
with the medium is better provided with nutrients. Moreover, there 
is a gradient set up within the medium as well as the gas phase so 
that the uptake of nutrients as well as gases may be slow. In such 
circumstances the differentiation of mycelium is maximal and the 
mycelial mat as a whole cannot be expected to possess a uniform 
biochemical activity either. The degree of importance of various 
primary and secondary metabolic routes will vary in different parts 
of the mycelial mat. The inhomogeniety of the surface of mycelial 
mats, in terms of biochemical activity, is emphasised in cultures
enriched with malt extract where pockets of orange pigment appear 
on the surface of the mats after 5 days of incubation, at which 
stage the first appearance of rubratoxin is noted. This suggests 
foci of secondary metabolic activity which increase in size with 
time of incubation. The surface of mycelial mats grown in the 
chemically defined medium with 0.27. bicarbonate were uniformly 
pigmented, not exhibiting the foci of activity as in enriched media, 
and suggest a more homogenous mat surface in terms of biochemical 
activity. This increase in the area of possible secondary biosynthesis 
may be the reason for the higher yields of crude toxin obtained from 
these cultures. However, this is assuming that the sites of rubratoxin 
synthesis are located at the upper rather than the lower surface of 
the mats, which are still very different in terms of differentiation 
and metabolic activity.
Paper chromatographic analysis of culture filtrates of Penicillium 
rubrum CMI 112715 grown in the chemically defined medium showed that 
maltose, in the presence of glucose, was hardly if at all utilised, 
suggesting a possible catabolite repression effect exerted by glucose. 
However, a diauxic pattern of growth by this mould was not apparent 
on examination of the growth curves. Some difficulty may arise from 
the problem of expressing the growth of the organism in terms of its 
dry weight. Although the hyphae may have ceased to grow, accumulation 
of storage materials and secondary metabolites may still continue giving 
an erroneous impression of continued exponential growth if determined 
by dry weight measurements. Occurrence of exponential growth in 
stationary batch cultures of filamentous fungi is still a matter for 
discussion (Smith and Berry, 1974).
Mobilisation of maltose does occur in the absence of glucose 
or after exhaustion of glucose from the medium, as judged by paper 
chromatography. In the media where maltose was the major carbon 
source, good yields of toxin were obtained, approximately 0.071 
grams of crude toxin per gram dry weight of mycelium, nevertheless, 
better yields were achieved when glucose was the major carbon source 
in the same experiment, some 0.098 grams of toxin per gram dry weight 
of mycelium. In control cultures where a portion of the sugar carbon 
source was maltose the yields of crude toxin were in the order of 
0.079 grams of toxin per gram dry weight of mycelium. From closer 
examination of these results a relationship between the glucose content 
of the medium and final toxin yield appears. This prompted a further 
study of the carbon content of the medium and its relation to biomass 
and toxin production. It was found that glucose at concentrations in 
the region of 37. or lower only support growth of the organism and not 
toxin or pigment synthesis. Above that concentration (i.e. 57,) growth 
and toxin synthesis are supported, reaching a maximum toxin yield of 
0.101 grams per gram dry weight of mycelium at 77, glucose concentration. 
Control cultures containing 5.57, glucose and 1.37, maltose gave a yield 
of 0.078 grams of toxin per gram dry weight of mycelium. Therefore, 
maltose was excluded from the chemically defined medium which now 
contained 77, glucose and 0.27, bicarbonate as the alterations to the 
basic recipe of the Raulin-Thom medium. Whether glucose was utilised 
by this organism via the pentose phosphate pathway or the Embden - 
Meyerhof pathway is not certain and beyond the scope of present study 
but judging by the fast initial growth rate and a rapid initial 
accumulation of biomass it would not be unreasonable to postulate that
the pentose phosphate pathway may play a major role in the trophophase, 
providing the organisms with sufficient NADPH for synthesis of cellular 
material and subsequent secondary biosynthesis.
Role of tartrate and its effect on growth and toxin synthesis 
was also examined. Part of the tartrate content of the medium is in 
the form of ammonium tartrate and serves as a nitrogen source for the 
organism. Use of such a nitrogen source would prevent a sharp drop in 
the pH of medium during growth and nitrogen utilisation. Tartaric 
acid has been listed by Pearlman (1966) as a possible sole carbon source 
for fungal growth. The absence of tartrate from the culture medium 
certainly has an adverse effect on the growth of the mould as well as 
the final toxin yield. Initial growth rate is slower in the absence 
of tartrate and no pigment appears even after 14 days of incubation.
A drop of some 0.058 grams of toxin per gram dry weight of mycelium 
was observed as compared to the control cultures. In order to ascertain 
that this effect of absence of tartrate is not due solely to the newly 
employed nitrogen source, ammonium sulphate, Na,K-tartrate was added 
to a set of cultures at the same time. Addition of tartrate', even in 
the presence of ammonium sulphate as nitrogen source, restored the 
original yield of biomass, nevertheless, the original toxin yield of 
the control cultures, some 0.068 grams of toxin per gram dry weight 
of mycelium, was not restored. The yield, however, was improved from 
0.01 to 0o022 grams of toxin per gram dry weight of mycelium.
Tartrate in the medium may provide the organism with an easily 
utilisable carbon source, exerting a repression effect on glucose 
metabolism in the initial stages of growth of the mould, or it may
exert its effect solely by preventing the pH drop observed in cultures 
lacking tartrate and utilising ammonium sulphate as the nitrogen 
source. A recovery of the biomass yield, but not the toxin yield, in 
cultures containing Na,K-tartrate and ammonium sulphate leads to the 
assumption that other factors, than those mentioned above, may inter­
vene. Whatever the role of tartrate in the metabolism of the mould, 
its exclusion from the culture medium gives rise to a prolonged lag 
phase, slow initial growth rate and low final yields of biomass and 
crude toxin.
The initial rapid growth rate and a subsequent slower one is a 
condition ideal for secondary biosynthesis as Bu*lock (1975) suggests, 
and this is to some extent confirmed in this study. Also, the amount 
of available carbon present in the culture medium after the onset of 
the idiophase determines the final yield of secondary metabolites, as 
observed in this study with the yields of rubratoxin and the intensity 
of pigmentation of mycelial mat surfaces. Initiation of toxin synthesis 
and pigment production takes place after some 120 hours of incubation 
and it coincides with the end of the initial rapid growth rate and the 
beginning of a slower one. The appearance of toxin at this stage of 
the growth of the organism complies with the secondary metabolic origin 
of the molecule and is initiated, as the latter experiments with the 
nitrogen content of the medium suggest, after the exhaustion or 
removal of most of the nitrogen source from the medium. These findings 
are in contrast to those of Moss and Hill (1970) who found that toxin 
synthesis takes place during the phase of rapid growth rate of the 
organism. However, their interpretation was based on a biological 
assay for rubratoxins, by oral administration of concentrated culture
filtrates to mice at various dilutions, which may be less specific than 
the method of dry weight of crude toxin measurements used in this work. 
Apart from the possible toxic effect of the culture medium to mice, 
other toxic metabolites may be excre ted into the culture medium by this 
mould and affect the toxicity of the culture filtrates in their study. 
Isolation of the crude toxin by extraction of culture filtrates with 
ether and subsequent confirmation of the presence of rubratoxins by 
infra-red spectroscopy, thin layer and paper chromatography and 
measurements of yield by dry weight determination may not be a very 
sensitive method but it is specific for that product of mould metabolism.
Examination of the nitrogen content of the medium by a culture 
replacement technique yielded results confirming the importance of C/N 
ratio in rubratoxin synthesis. After four days of incubation of cultures, 
prior to the onset of secondary metabolic activity, as judged by absence 
of pigmentation from the surface of the mats and toxin from culture 
filtrates, the washed mats were supplied with replacement media containing 
constant amounts of carbon source but varying concentrations of nitrogen 
source in the form of ammonium tartrate and pH of all media adjusted to 
4.7. In the total absence of a nitrogen source from the replacement 
medium the final yield of toxin was the greatest when compared to other 
cultures. Even in the absence of the nitrogen source from the medium, 
accumulation of biomass continued and whether this is due purely to 
accumulation of storage products or to utilisation of endogenous 
nitrogen containing' compounds for exponential growth is uncertain from 
the results of this study. However, increasing the content of ammonium 
tartrate in replacement, media from 0 to 6.0 grams/1500 ml of medium
gave rise to a progressively lower yield of toxin in culture filtrates. 
In experiments where culture media were replaced after nine days of 
incubation with a fresh batch of complete medium, toxin synthesis 
was resumed but gave a low yield of 0.045 grams per gram dry weight of 
mycelium, suggesting a persistance of the enzymes of secondary bio­
synthesis and a lag period before resumption of normal growth, 
possibly due to the time necessary for removal of accumulated inter­
mediates blocking the normal pathways of metabolism. However, a 
surprising result was obtained when the replacement medium after nine 
days of incubation lacked a nitrogen source. The yield of 0.046 
grams of toxin per gram dry weight of mycelium was obtained, closely 
resembling the figure mentioned above for the complete replacement 
medium. It cannot be stated with any certainty that there is a 
commitment to the process of rubratoxin synthesis once initiated, but 
results obtained in this study certainly suggest this.
In order to ascertain that phosphate limitation was not responsible 
for the onset of toxin synthesis, cultures with double the phosphate 
content of control cultures were set up and the yields of toxin of 
0.074 grams per gram dry weight of mycelium were not significantly 
different from the value of 0.070 obtained for the control cultures.
In the same experiment the effects of biotin and zinc were assessed. 
Biotin added to the complete chemically defined medium did not have 
much effect on the growth or toxin synthesis of the mould, suggesting 
that Penicillium rubrum CMI 112715 is capable of synthesising its own 
biotin. Addition of biotin to cultures without a zinc source almost 
doubled the yield of toxin by these cultures (from 0.07 to 0.129 grams 
per gram dry weight of mycelium).
Requirement of biotin as a growth factor by many fungi prompted 
experimentation with external sources of biotin for growing cultures 
of Penicillium rubrum. Its major role in carboxylation reactions, 
such as the mobilisation and fixation of CO^, make it a point of 
special interest here. Biotin is usually always found closely 
associated with the enzymes catalysing carboxylation reactions such 
as carboxylation of pyruvate to oxaloacetate and acetyl CoA to malonyl CoA. 
Prior to combination of the enzymes with their substrates a reaction 
of biotin with the CO^ or HCO^ occurs giving rise to carboxybiotinyl 
enzyme. Bicarbonate is present in culture medium used for cultivation 
of Penicillium rubrum and its mobilisation would require an adequate 
supply of biotin. Under such low growth rate conditions as in cultures 
without a zinc source biotin supply may be limited and external 
addition of biotin may facilitate mobilisation of HCO^ and lead to 
synthesis of precursors of C ^  units of rubratoxins. Biotin is also 
involved in the hexokinase system (Fries, 1966) but since the biomass 
yield obtained in the above cultures was not affected by addition of 
biotin, the effect observed may not be due to its action on this system.
Involvement of biotin and its importance in carboxylation reactions 
suggest the possibility of involvement of anaplerotic routes in the 
synthesis of precursors of C ^  units of rubratoxins as well as the 
polyketide route, which similar Ily to fatty acid synthesis, requires 
the presence of biotin in the initial step.
The possible effects of zinc are much greater in number due to its 
key role in carbohydrate metabolism. Certainly, growth parameters of 
Penicillium rubrum CMI 112715 in liquid cultures containing no zinc
source are affected quite dramatically. Yield of biomass is reduced 
nearly 10 fold and no pigment production was observed. Nevertheless, 
toxin yield in terms of grams of toxin per gram dry weight of 
mycelium was unaltered and the value of 0.07 corresponded closely 
to the value obtained with control cultures.
Lilly (1966) points out the importance of zinc as a constituent 
of or activator of a number of enzymes. Alcohol dehydrogenase of 
Neurospora crassa contains 4 atoms of zinc per molecule which were 
essential for its function. A concentration of zinc of 1 ppm in 
synthetic media influenced synthesis of cytochrome c in Ustilago 
sphaerogena and in Neurospora crassa the concentration of tryptophan 
synthase was much lower in mycelia grown in media to which zinc was 
not added than when adequate concentration of zinc was present.
Reduced growth and sporulation occurs in fungi cultured in media 
containing suboptimal concentration of zinc and as Pearlman (1966) points 
out, glucose utilisation by Rhizopus nigricans is greater in the presence 
of zinc than in its absence. In the absence of zinc, the enzymes 
isocitrate lyase and malate synthase of Rhizopus nigricans were 
repressed by glucose addition. Also, pyruvate carboxylases of yeast 
were found to contain bound zinc. Smith and Berry (1976) also mention 
the existance of evidence that zinc stimulates RNA synthesis. Effects
of zinc on other enzymes of primary metabolism are reviewed by Gutfreund
(1974). The effect of zinc on the anaplerotic pathways further under­
lines the possible importance of these in the synthesis of precursors 
of the units of rubratoxins.
The results obtained in experiments designed to show any effects
of zinc in cultures of Penicillium rubrum underlined its direct effect.
on active growth of the organism, affecting pathways of synthesis 
of cellular components and this way only indirectly affecting the final 
toxin yield. This was confirmed in culture replacement experiment 
where a zinc source was not included in the replacement medium and the 
yield of toxin was 0.049 grams of toxin per gram dry weight of mycelium.
In the attempt to pinpoint the area or areas of primary metabolism 
directly responsible for provision of precursors leading to rubratoxin 
synthesis, malonate, ferrocyanide and cycloheximide were used as 
metabolic inhibitors in this study.
The problems of interpretation of the results arise mainly from 
the lack of information on metabolism of filamentous fungi and the 
knowledge up to date being scanty and rather limited to specific 
examples (Smith and Berry, 1976).
Gatenbeck and Sjoland (1964) reported on the effect of potassium
ferrocyanide on the synthesis of the anthroquinone pigments of
Penicillium islandicum Sopp, substances of acetate-polymalonate origin.
They found that this inhibitor , at a certain concentration,had a
stimulatory effect on the formation of these pigments without affecting
the growth rate. Their studies on the pattern of pigment production
by this organism closely resembles the pattern for toxin synthesis
obtained in this study. Furthermore, the action of ferrocyanide on
citric acid fermentation by Aspergillus niger (Horitsu & Clark, 1966J
Akbar & Qtiadeer, 1967)
leading to citric acid accumulation by obstruction of the TCA cycle, 
prompted the use of this TCA cycle inhibitor in this work.
-3Addition of 10 M ferrocyanide to-growing cultures of Penicillium 
rubrum CMI 112715 markedly inhibited the growth of the mould, nevertheless,
permitted toxin synthesis. Indeed, it not only permitted continuation
of toxin synthesis once initiated but also permitted initiation of
. toxin synthesis if added before the onset of its synthesis. Concen- 
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trations of 10 M ferrocyanide inhibited toxin synthesis completely
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and gave rise to poor biomass yields while 10 M ferrocyanide
stimulated toxin synthesis without affecting the biomass yield to a
very great extent. The yields of toxin obtained being 0.063 grams per
gram dry weight of mycelium as opposed to the value of 0.047 in control
cultures. This stimulatory effect of low concentration of ferrocyanide
resembles the situation of citric acid fermentation in Aspergillus niger
as well as production of anthroquinone pigments of Penicillium islandicum
-3Sopp. There is also some stimulatory effect of 10 M ferrocyanide on 
toxin synthesis when added at latter stages of growth of the culture so 
that when added after 240 hours of incubation the biomass accumulation 
is halted very rapidly wh ile toxin synthesis continues to give a final 
yield of 0.076 grams per gram dry weight of mycelium compared to control 
value of 0.047.
Assuming that the action of ferrocyanide in low concentrations on 
Penicillium rubrum cultures is to stimulate citric acid accumulation by 
obstruction of the TCA cycle, it may be possible to explain its 
stimulatory effect on toxin synthesis by taking into account the 
stimulatory effect of citrate on acetyl CoA carboxylase in fatty acid 
synthesis and, therefore, possibly in polyketide synthesis. This 
effect would most certainly account for the stimulatory effect of 
ferrocyanide on pigment synthesis by Penicillium islandicum described 
by Gatenbeck and Sjoland (1964). Obstruction of the TCA cycle by 
ferrocyanide will also lead to deple tion of other intermediates of the 
cycle and may, therefore, also stimulate the anaplerotic pathways.
Pigment synthesis in cultures where ferrocyanide was added was 
completely obstructed confirming a different point of origin of the 
secondary metabolic pathway for synthesis of these compounds as 
described by Sen (1965).
The possible effect of malonate on succinate dehydrogenase and subr- 
sequent accumulation of succinate prompted the use of malonate as yet 
another substance for control and regulation of the TCA cycle, the 
effect exerted being at a different point of the cycle than in the 
case of ferrocyanide. It was noticed by Cantino (1967) that endogenous 
oxygen consumption of spores of Blastocladiella emersonii was inhibited 
by malonate. The action of malonate on succinate dehydrogenase is that 
of a competitive inhibitor.
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Addition of 10 M malonate to growing cultures of Penicillium rubrum 
CMI 112715 prior to onset of toxin synthesis prevented initiation of 
synthesis and if added to cultures after the onset of synthesis it halted 
toxin production within a short space of time. Biomass accumulation was . 
unaffected although an increase in pigment intensity of mycelial mat 
• surfaces was noticed. Succinate accumulation as a result of addition 
of malonate, if this does occur, may have an adverse effect on the 
glyoxylate shunt operation which functions only when shortage of succinate 
occurs due to rapid removal of TCA cycle intermediates. If, indeed, 
this anaplerotic route is affected, the effects observed may be closely 
associated with the operation of this pathway. In any case it again 
emphasises the possible close relationship between the operation of 
anaplerotic pathways and toxin synthesis.
It was hoped that the use of cycloheximide, as it was used in 
studies with Penicillium urticae (Bu'lock et al.« 1968) and
Gibberella fujikuroi (Bu'lock et_al., 1974), would provide some 
information about the enzymes involved in synthesis of the rubra­
toxins and the stage of growth of t;he mould at which those appear 
and function. Bu'lock et al., (1974) found that addition of cyclo- 
heximide to a growing culture of Gibberella fujikuroi after the 
onset of bikaverin synthesis permitted an increase in mycelial dry 
weight although inhibiting further bikaverin synthesis. Addition of 
this inhibitor some time prior to initiation of synthesis of bikaverin 
halted the increase of biomass. As Bu'lock (1975) suggests, this points 
out the variation in relative importance of replicatory and assimilatory 
processes at various stages of growth of a culture. In the studies 
with 6-methylsalicylic acid (6-MSA) production by Penicillium urticae, 
cycloheximide inhibited 6-MSA production if added to cultures before 
the onset of its synthesis. However, it permitted continuation of 
synthesis if added after its initiation, suggesting that 6-MSA 
synthetase is produced early in the fermentation.
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Addition of cycloheximide at 10 M concentration to growing 
cultures of Penicillium rubrum CMI 112715 at various stages of growth, 
had a strong inhibitory action on growth of the organism, however, 
since no toxin was detected in any of the culture filtrates, even when 
cycloheximide was added long after the onset of toxin synthesis, 
interpretation of the results obtained is very difficult. It 
certainly cannot be deduced from them whether the enzymes catalysing 
the synthesis of toxin are produced in early stages of growth or much 
later at the onset of the idiophase.
The pattern of biomass accumulation strongly resembles the 
situation described by Bu'lock (1975) for the nitrogen limited culture 
of Gibberella fujikuroi. suggesting that the continued biomass
accumulation after the onset of toxin synthesis is mainly due to non- 
replicatory processes.
Interpretation of the results obtained' in this study, in the 
absence of knowledge of the metabolism of this mould, is inevitably 
based on the assumption that the pathways and enzymes mentioned are 
indeed present in this strain of Penicillium rubrum and that they are 
functional.
Shake flask cultures of the organism yielded very inconsistent 
results, nevertheless, some toxin synthesis occurred under these 
conditions. The growth rate in this type of culture was much faster 
but unfortunately, the low yields of toxin, inconsistency in its 
synthesis and a difficulty in toxin extraction due to production of 
large amounts of slime material, did not favour this type of culture in 
the present study. The natural extension of the shake flask culture, 
the fermentor culture, did not yield any results. Problems encountered 
with contamination, weir blockage and mycelial growth in the various 
pockets of stationary liquid in the fermentation vessel proved to be 
too great to overcome at the present stage.
A necessity for familiarisation with the primary as weli as 
secondary metabolic pathways utilised by this mould, possibly via an 
intensive study using radioactive labelled substrates, is obvious.
Until greater knowledge is accumulated on this subject it may be very 
difficult to proceed further. The great variability of the mould in 
this property of toxin synthesis, not only between different strains, 
but also on prolonged subculturing, increases the difficulty in obtaining 
consistent results. A point in favour of the CMI 112715 strain of 
Penicillium rubrum used in this work is that although the yield of toxin
varied from subculture to subculture, the proportion of rubratoxin 
A in samples of crude toxin remained constant in all the control 
cultures, grown in the chemically defined medium, that were tested.
The most useful tool in the study of secondary metabolites 
such as rubratoxins would be an operational cell free system which 
could synthesise the rubratoxin molecule from basic intermediates 
in vitro. The preliminary studies made to this end during this study 
were unsuccessful and underlined the difficulty in obtaining such 
preparations from filamentous fungi.
APPENDICES
APPENDIX 1
Estimation of the content of rubratoxin A in samples of crude toxin 
from Penicillium rubrum CMI 112715
Since both rubratoxin A and B were noticed to be presentin 
samples of crude toxin when examined by thin layer chromatography, 
some of the samples of crude toxin were chosen at random for estimation 
of the proportion of rubratoxin A in them.
The method of Moss and Hill (1970) was used whereby samples of 
purified rubratoxin A and of the crude toxins were dissolved in ethanol 
at the concentration of lmg/ml and samples of 0.0, 0.2, 0.4, 0.6, 0.8 
and 1.0 of the stock solutions were each diluted to 1ml with ethanol. 
4ml of IN NaOH was added to each sample, heated in a boiling water 
bath for 5 min., cooled and the optical density measured at 350 nm.
An ethanol blank was similarily treated. Results of the analysis and 
the observations made on the thin layer chromatography of samples are 
summarised in Table 30.
Percentages of rubratoxin A in samples of control cultures were 
very similar-although the inocula were made with different subcultures 
and at different stages of the study. The results of this analysis 
coupled with the results of the infra-red spectrum examination suggest 
that the amount of impurity in the crude toxin samples is quite low.
TABLE 30. Rubratoxin A content of samples of crude toxin extracted
from cultures of Penicillium rubrum CMI 112715
Sample
Qualitative from TLC
From 
NaOH reaction
rubratoxin A rubratoxin B % rubratoxin A
rubratoxin A 4444 0 100
CRE I/cont* 44+ 4444 38.7
CRE 1/1 + 444 23.1
CRE 1/3 44 4444 20.6
CRE 11/1* 4 44 31.1
No. 38 T 1 1 1 1 1 111 2.5
No. 41* 44 44+ 31.1
No. 51* 44+ 44 32.8
No. 39 + 4444 11.8
* control cultures grown in the complete chemically defined medium
CRE 1/1 and CRE 1/3 were samples from a culture replacement experiment 
where the replacement media were a batch of the complete medium and a 
batch lacking a zinc source respectively.
No. 38 and 39 are toxin samples from cultures grown in media with 
excess maltose at the expense of glucose and in the medium containing 
maltose as the only sugar source respectively.
APPENDIX 2
Loss of rubratoxin producing property by Penicillium rubrum CMI 112715
on prolonged subculturing
Hayes, et al. (1970) observed the requirement for zinc by 
Penicillium rubrum and mentioned this as a possible factor in the 
apparent loss of toxin producing ability of this mould when maintained 
for prolonged periods on media unsupplemented with zinc. A gradual 
loss of the toxigenic property of Penicillium rubrum CMI 112715 was 
also noticed on prolonged subculturing even when using malt extract 
agar supplemented with zinc. This necessitated the use of a fresh 
freeze-dried ampoule of the organism after every fourth subculture.
Generally at least two subculturings were .necessary to bring 
the organism into the state of optimal toxin synthesis. After this 
point the yield of toxin from cultures gradually decreased to reach* 
its lowest point when inocula of the fifth subculture were used.
Fig. 23 shows a situation generally observed throughout the 
present study. The yields of crude toxin were calculated from the 
volumes of culture filtrates obtained from each flask. The quantity 
of biomass obtained from cultures using the various subcultures of 
the organism as the inoculum were very similar, all in the region of 
4.9 to 5.0 grams of mycelium (dry weight) per flask. The drop in 
yields of crude toxin from cultures is, therefore, not due to a drop 
in the amount of biomass accumulated by the organism.
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Fig. 23. Deterioration in yield of crude toxin from cultures of
PeniciIlium rubrum CMI 112715
* Number of times subcultured 
from the freeze-dried state
1st 2nd 3rd 4th 5th
SUBCULTURE*
APPENDIX 3
Assay of the cell-free extract from PenlciIlium rubrum
CMI 112715
The cell free extract obtained by the method described in the 
Materials and Methods section was tested for activity in a reaction 
mixture containing the following ingredients in a 100 ml of 0.005M
potassium phosphate buffer, pH 7.5: 0.15pM acetyl CoA, 0.85pM malonyl
-3 -3
CoA, 0.7pM oxaloacetic acid, 10 M EDTA and 10 M mercaptoethanol.
Concentration of NADPH in the above reaction mixture varied from 0 
to 2pM through 0.5|iM steps.
1 ml of the reaction mixture was placed in each of the test 
tubes and a 1 ml aliquot of the protein solution added. The tubes 
were incubated for maximum of two hours in a water bath at 25°C with 
occasional mixing. Samples were withdrawn during the incubation 
period-and anlysed using thin layer and paper chromatography. Several 
test tubes were left to incubate for the full two hours undisturbed 
and then were extracted with several volumes (2ml.) of diethyl ether. 
These were pooled, concentrated and applied to thin layer and paper 
chromatograms.
No rubra toxin was detected in any of the samples by the chromato­
graphic techniques employed. Whether this system was completely 
inactive due to the inadequacy of the cell-free extract or the reaction 
mixture or that the C ^  precursors of the rubratoxins were only formed 
but not detected by the procedures used here cannot be clearly deduced 
from this brief preliminary experiment.
Further efforts on these lines may yield more significant results.
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